Diagenesis of a fractured chalk reservoir : Machar oilfield, Central North Sea by Doran, Helen
Diagenesis of a fractured chalk 
reservoir: Machar oilfield, 
Central North Sea. 
Helen Doran 
Ph.D. 
University of Edinburgh 
2004 
Declaration 
This dissertation is entirely my own work except where indicated otherwise. 
Helen Doran. 
Abstract 
Diagenesis of a fractured calcite reservoir: Machar oilfield, Central North Sea 
The Machar Cretaceous chalk oilfield, Central North Sea, is a structural trap of chalk folded 
above a diapir of Zechstein salt, and formed a regional leakoff point for overpressure from 
Jurassic sandstones deeper in the basin. Chalk was deposited as pelagic sediment, but re-
deposition by gravity flows improves reservoir quality. Diagenesis of the Machar chalk 
matrix occurs during burial to 1Km. Stylolites form in the chalk at depths below 600m and 
cause cementation of the reservoir through pressure dissolution and precipitation in a closed 
system. During diagenesis of the chalk matrix the underlying salt diapir evolves and as a 
result four fracture sets begin to form in the chalk reservoir. Hydrocarbon charge at mid-
Miocene halted matrix cementation resulting in an exceptionally porous (307o) reservoir. 
The growth and evolution of the diapir is marked by the formation of healed fractures 
within the chalk reservoir. Fracture filling calcite records the evolution of the Tor Formation 
reservoir from a closed system, rock-dominated environment to an open diagenetic system. 
Four different fracture types have been discovered within the Tor formation on the Machar 
field. Of these, the first to form was Fracture Type 1, relating to bedding stylolites formed 
through minor extension at the crest of the reservoir as the salt attempts to remain buoyant. 
This fracture is filled with Calcite 1. 5 13C values within this calcite (+ 2.0 to + 2.37o PDB) are 
similar to the values measured in the matrix chalk (+ 1.5 to + 3.07oo PDB), suggesting that like 
the matrix cement this formed in a rock-dominated system. 'Sr/'Sr (0.7078 to 70787) values 
within Calcite 1, also similar to the matrix values (0.70770-0.70791) supports this theory. 
Negative 6180 (- 5 to -77o PDB) values measured in Calcite 1 are explained by increased 
burial temperature during precipitation. Fracture type 2, the second fracture to form, is filled 
with Calcite 2; 8 13C values (+ 3.6 to + 5.9 %° PDB), are more positive than the matrix values (+ 
1.5 to + 3.0 %o PDB), and mark the opening of the reservoir to an external fluid. Fracture type 
3 is filled with Calcite 3, and forms as Palaeogene sediments begin to down build around the 
evolving salt diapir. Calcite 3 precipitated from an external fluid that is restricted in its 
migration between tectonic stylolites. Calcite 3 is replaced by saddle dolomite, celestite, barite 
and fluorite. The presence of these minerals within Fracture Type 3 is a signature of the exotic 
nature of the fluid travelling through the tectonic stylolites. Fluid inclusion Th measured in 
Calcite 3 (89°C average) and celestite (106°C average) within Fracture type 3 indicates a 
hydrothermal fluid at the time of entering the reservoir (<70°C estimated temperature of 
reservoir at time of precipitation). Salinity data in celestite and Calcite 3 (average of 11.467o) 
increase with respect to Calcite 1 (average of 7.727o), indicating to migration of fluid around 
the salt dome prior to precipitation. 6 13C values (+ 3.0 to + 6.9 %o PDB) more positive than the 
matrix (+ 1.5 to + 3.0 %o  PDB) and 6 180 values (-10.3 to —14.2 %o PDB) more negative than the 
matrix (-4.0 to —7.1 %o PDB) supporting the theory of warm, external fluid. 'Sr/ 86Sr isotope 
values in Calcite 3 (0.70787 to 0.7084) and Celestite (0.70789-0.70797), within fracture type 3 
contain Sr/ Sr isotope signatures more radiogenic than the chalk matrix (0.70770-0.70791) 
and underlying Zechstein evapontes (0.70706-0.70759) and hence show mass import. Fracture 
type 4, the last fracture to form, is created during the final diapiric movement of the salt. As 
the salt moves it pierces the overlying sediments and creates extension in the Cretaceous 
chalk reservoir. This event marks the opening of the entire reservoir (fractures and matrix) to 
an external fluid. In contrast to Calcite 3, which precipitated in a water-dominated system, 
Calcite 4 represents the mixing of incoming basinal brine with the interstitial pore waters. 
813C (+ 2.7 to + 4.3 %o PDB) and ö'80 (-7.6 to —11.6 %o PDB) values lie between matrix and 
Calcite 3 values suggesting mixing. Sr/Sr isotope values (0.70792 to 0.7083) more 
radiogenic than the matrix support the external fluid theory and a wide range of fluid 
inclusion salinity values (5.26-24.60 wt % NaCl eq.) measured within Calcite 4 highlights 
interaction with the salt dome prior to precipitation. 
The source of the fluids responsible for calcite precipitation in the fractures is the 
underlying Jurassic reservoirs (Erskine field). Mass balance calculation of Sr, shows than less 
than 27o of the present day Erskine fluid volumes need have interacted with Machar during 
leak-off. Oil charge to the Machar structure occurs shortly after Calcite 4 precipitates and fills 
the chalk reservoir retarding further diagenesis. This study provides a well-constrained 
example of basin scale leakoff where tectonics and timing interact with hydrothermal fluid, 
restricted to fractures, and hydrocarbon charge preserving matrix porosity. 
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Chapter I 
Background 
1.1: Thesis Objectives 
This thesis has two principal aims: 
To investigate the diagenesis of a chalk reservoir and to understand the role in 
which oil charge played in retarding diagenesis within the chalk matrix 
To identify the origins of parental waters that were involved during fracture 
diagenesis, and attempt to constrain the possible timings of fracture cementation in 
relation to oil fill in the field and the evolution of the salt diapir underlying the 
reservoir 
The following sections of the thesis will outline the relative background work to the 
thesis. 
1.2: Introduction 
The Machar field is located in the Central Graben of the North Sea 250km east of 
Aberdeen (Figure 1. 1). The Graben is divided into the East Central Graben and the 
West Central Graben by the Forties-Montrose High horst block, and flanked by 
marginal platform areas (Figure 1. 2). The Graben represents the NNW-SSE trending 
failed arm of the tripartite North Sea rift (Figure 1. 3). The Machar field is situated 
within Block 23/26a, in the Eastern Trough area and is wholly owned by BP. To the 
east of the field is the UK! Norway median line (20Km east), the Lomond oil field is 
25km due north, with the Erskine field directly to the south (Figure 1. 1). The Machar 
field is one of several diapir fields in the Eastern Trough area (Figure 1. 4). In this 
chapter a short summary of the structural evolution of the Machar field is given. Its 
purpose is to aid the understanding of the evolution of the field highlighting the 
development of individual parts of the petroleum play system, which exists on 
Machar. Previous work on the diagenesis of the Tor Formation chalks on Machar and 
fractures, which exist within the Tor Formation, is also presented. 
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Figure 1. 1: The Machar field is located in the Central Graben of the North Sea 250km 
east of Aberdeen. The Machar field is situated within Block 23/26a, in the Eastern 
Trough area and is wholly owned by BP. To the east of the field is the UK! Norway 
median line (201(m east) the Lomond oil field is 25Km due north, with the Erskine, 
Jurassic condensate reservoir directly to the south and the Pierce diapir (Cretaceous 
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Figure 1. 3: Schematic diagram of the North sea illustrating the tripartite North Sea rift. 
The Central Graben represents the NNW-SSE trending failed arm of the rift. Diagram 
from UKOOA 2004. 
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Figure 1. 4: Map of salt diapirs within the Central Graben. The Machar field is one of 
several diapir fields within the Eastern trough of the Central Graben. Diagram from 
Davison et aL, 2000. 
1.2.1: Geological Setting and age of Chalk 
The chalk studied within this work was deposited as part of the Upper Cretaceous 
NW European carbonate platform. The chalk is part of the Chalk Group comprising 
of the Hod, Tor and Ekofisk formations, which was deposited throughout the Central 
Graben of the North Sea. The Hod formation was deposited from the Early Turonian 
through to the Campanian. The Tor Formation is Maastrichtian in age and the 
Ekofisk Late Maastrichtian to Danian in age (Figure 1. 13). The reservoir or 
productive zone of the Chalk Group in this study is confined to the Tor Formation 
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The Late Cretaceous, Tor Formation chalks of the Central Graben form productive 
hydrocarbon reservoirs in the Norwegian sector, Danish sector and UK sector of the 
Central North Sea. 
1.3: Previous work 
The most recent and detailed account of the diagenesis of the fractures and matrix of 
the Machar chalk is provided in a series of articles by Maliva and Dickson (1995 with 
Smalley and Oxtoby, and 1999 with Fallick), and within two articles by Emery and 
Robinson 1993. Previous work by the mentioned authors has lead to exciting yet 
contradicting results. 
1.3.1: Previous work on diagenesis of the fractures 
Previous work on diagenesis of the fracture filling cements within the Tor Formation 
chalk on the Machar field is presented in two articles (Maliva et al. 1995, and a similar 
study by Emery and Robinson 1993). Stable isotope measurements, on fracture filling 
calcite cements, within the two reports are identical. VQr0o PDB values range 
between -7% to -12%o and 6 13C%0 PDB values between +5.97o to -4.970. 
Maliva et al. (1995) interpreted the oxygen isotope values as having a narrow 
range consistent in a diagenetic system of high water rock ratio, maintaining a 
relatively stable water 00 SMOW7o0 ratio during calcite dissolution and 
precipitation (Maliva et al., 1995). The wide variations in carbon isotope results have 
been attributed to 'mixing of waters with light HCO 3 produced during the initial 
stage of kerogen maturation and thermal decarboxylation of aliphatic anions with 
heavy HCO3  produced by bacterial decarboxylation of aliphatic anions' (Maliva et al. 
1995, Carothers and Kharaka 1980). 
The stable isotope study by Emery and Robinson 1993, presents the same data 
but attempts to subdivide the fractures based on petrography; Petrographic studies 
of the fracture fills in well 23/26a-13 revealed the existence of four different types of 
fracture fills: 
Type M: (earliest) microspar with no visible zonation occupying very thin hairline 
fractures. 
Type B: blocky calcite occupying thicker fractures that post-date type M calcites. 
Type T: twinned and zoned calcite occupying the thickest and latest fractures. 
Celestite filled fractures, which occurred less frequently than the other three types 
of fills (Emery and Robinson 1993) 
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'Type T calcites', were found to have varying 8 180 and O13C values. In contrast to the 
conclusions by Maliva et al. (1995), the stable isotope results have been interpreted to 
indicate that calcite type T precipitated from waters of variable compositions. In 
agreement with Maliva et al., (1995) it was suggested that carbon might have 
originated from several sources. 
An identical fluid inclusion study was also presented in both articles. The 
articles show that both the aqueous and the petroleum fluid inclusions within the 
fracture filling calcites have a homogenisation temperature range between 65-120°C, 
with the bulk of the values falling between 800  and 100°C. Salinity measurements 
from the fluid inclusion study indicated a highly variable range from 7000 to 240,000 
parts per million' (Maliva et al., 1995). Due to the lack of petrographic description by 
Maliva et al., (1995) no further subdivision of these results were given. 
Emery et al., (1993) drew several relationships between different fracture 
filling calcites and the salinity and temperature data. Fracture Type B (which is a 
blocky calcite sometimes zoned pre-dating calcite type T) and fracture type T grew 
from fluids with a similar average salinity (app. 9-10 eq. wt% NaCl), although the 
range of salinities in the later fracture type T was much greater. The study also 
identifies fractures containing celestite (absent from Maliva's et al., study), which 
precipitated within a fluid with an average salinity of 16 eq. wt% NaCl. 
Homogenisation temperatures for both aqueous and petroleum inclusions in calcite 
type T and B were found to have a similar distribution with an average temperature 
between 85 and 95°C. The similarities within the temperature distribution in calcites 
T and B drew the conclusion from Emery et al., (1993) that the different types of 
calcites grew within the same temperature window. It was found that celestite 
precipitated from a hotter fluid with aqueous fluid inclusion average of 105°C. 
Sr isotope data was also presented within the articles; Maliva et al. (1995) 
found that the fracture filling calcite cements have a mean 87Sr/Sr ratio 0.70773. 
They concluded that this ratio is similar to Latest Cretaceous- earliest Tertiary sea 
water of about 0.7077 (Burke et al., 1982; McArthur et al., 1992), concluding that the 
observed similarities between cements and matrix would be expected if the calcite in 
the fractures was derived from the adjacent chalk matrix (Maliva et al., 1995). 
However contradicting these reports Emery and Robinson (1993) highlighted that 
fracture type T: a twinned and zoned calcite occupying the thickest and latest 
fractures contained strontium that in part had been derived from a more radiogenic 
source. This provided evidence that the fracture filling cements were not solely 
derived from the matrix, thus contradicting the Maliva et al., (1995) model of fracture 
filling cement being derived from the adjacent chalk in the absence of radiogemc 
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strontium. Emery and Robinson (1993) conclude that due to the presence of 
petroleum fluid inclusions within the fractures it is reasonable to suggest that the 
fractures formed after or during oil generation from the Kimmeridge Clay, that 
began in the Oligocene and reached a peak in the Miocene. This was coupled with a 
period of diapiric salt rise, which probably created fracturing. 
The contradictions within the literature into the source of fluids responsible 
for the fracture filling cements be it in a chemically open or closed system is a 
common problem amongst other North Sea, fractured chalk, reservoirs. Two 
common conclusions, producing two camps of thought exist within key articles on 
fracture diagenesis within the chalks of the North Sea. Camp 1; The Scandinavian 
camp (including; Watts, 1983; Taylor and Lapre, 1987; Jensemus, 1987, Jensemus et 
al., 1988; Jorgensen, 1987; Jensenius and Burruss 1990), concludes that healing of 
fractures, within the chalk fields studied (often above salt domes), occurred during 
an episode of ascending hot water, explaining the fluid inclusion temperatures and 
the negative oxygen isotope data, measured within calcite fracture fills. Camp 2: The 
Egeberg and Saigal 1991 (also Scandinavian) camp, proposes that a semi-closed 
diagenetic system, is sufficient to produce fracture cementation, derived from 
pressure solution within the chalks. To account for the negative oxygen isotope data 
measured within fracture filling calcite (6 180 PDB%o -12.7 to —8.5), calcite from the 
chalk matrix dissolves congruently and cement precipitates with the isotopic ratio 
governed by the geothermal gradient. The existing literature on fracture diagenesis 
on the Machar field does little to solve this problem; in one part Maliva et al., (1995) 
concludes to open system diagenesis responsible for the negative oxygen isotope 
signatures measured within the fracture filling calcite cements, however the article 
also concludes that the system was chemically closed to Sr. It is believed that detailed 
investigation into the fracture filling cements will solve this problem. 
1.3.2: Previous work on matrix diagenesis 
Maliva et al., 1995, discuss the diagenesis of the Machar Tor Formation chalks using 
geochemical analysis. It was found that the strontium isotope ratios were similar to 
Cretaceous / Tertiary seawater 87Sr/ Sr; yielding a conclusion that this was consistent 
with the matrix diagenetic system being rock dominated. Oxygen isotope results of 
bulk chalk were modelled, to precipitate calcite cement simultaneously in isotopic 
equilibrium with the bulk pore waters. The initial isotope ratio of the pore water 6 180 
SMOW%0 value was assumed to be —l%, the valuation of pre-glaciation seawater 
(Shackleton and Kennett 1975). Maliva et al., (1995) concluded that the oxygen 
isotopic and paleotemperature data of the Machar field could be explained by partial 
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recrystallisation in a diagenetic system of low molar water-rock ratio (<5) in which 
there was some flushing of the pore waters. Maliva et al., (1995) concluded that the 
whole rock 6180 values of —4.5 to —6.2%oo PDB and an average cement value of —67o 
PDB of the samples from Well 23/26a-13 could result from partial recrystallisation 
over a temperature range of 90 to 100°C in a diagenetic system in which one pore 
volume of water with a OO SMOW%O value of +1.5 was flushed through the chalk. 
The isotope ratio of the inflowing water was taken from the range of pore water 
values constrained by the fluid inclusion homogenisation temperature and 6 80 
values of fracture filling calcite cements. This assumed equilibrium between matrix 
and fractures, as well as coincidence of timing for cementation. ö' 3C PDB700 values of 
whole rock samples from Well 23/26a-13 are close to primary calcite values of +1.5% 
to +2.7%. The main problems with Maliva's et al., (1995) model of matrix diagenesis 
are the temperatures used within the oxygen isotope modelling and hence the 
timing. Cementation of the chalk matrix at temperatures just below the present day 
reservoir temperature of 97°C seems unrealistic, given that at the present day the 
reservoir is at maximum burial. Oil charge, which began in the Oligocene and 
reached a peak in the Miocene, is likely to halt cementation of the reservoir. More 
investigation is required to determine the depth and temperature of burial during oil 
charge. No incorporation between sedimentary variations within the chalk, and 
porosity data comparisons with the oxygen isotope data has been documented. 
Several papers on the diagenesis of chalks conclude that initial sedimentary make-up 
of a chalk is key to determining diagenesis and reservoir quality of that chalk 
(Brasher and Vagle 1996). 
1.4: Objectives of the thesis 
The contradictions within the literature on the diagenesis of the Tor Formation on the 
Machar fractures coupled with the unexplainable high temperatures used within the 
modelling of the matrix diagenesis have led to the reinvestigation of the diagenesis 
of the chalk and fractures within the Tor reservoir on the field. 
These contradictions are coupled with an absence by Maliva et al., (1995) to 
subdivide the fractures or place them into a structural context, and an absence of 
evidence within the report in Inorganic Geochemistry, applications to Petroleum 
Geology by Emery and Robinson 1993 to relate the development of fractures to 
matrix diagenesis has lead to the necessary reinvestigation of the diagenesis of the 
Machar chalks. 
This study will combine the histories of diagenesis of the matrix and fracture 
cements, placing them within a structural history, and creating a diagenetic 
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evolution of the entire field incorporating oil charge and discussing its possible 
effects on the diagenetic process. An investigation into the possible origins of fluid 
present during the diagenesis of the fractures and matrix will be discussed, along 
with an attempt to calculate the volume of fluid involved during the diagenesis of 
the fractures. The pre-existing data sets, as presented within the studies by Maliva et 
al., 1995 and Emery and Robinson (1993) will be gratefully used and acknowledged 
within this study. This data set will be combined with additional porosity, structural 
and geophysical data from BP. Due to the contradicting views on the diagenesis of 
the fractures new stable and radiogenic isotope will be obtained in order to 
subdivide the fractures and place them within a diagenetic sequence. 
1.5: Thesis Format 
After this first background chapter, the thesis contains five more chapters, which 
discuss the aspects of diagenesis and fluid flow within the Machar field: 
Chapter II: In this chapter chalk matrix diagenesis within the North Sea and around 
the world will be discussed. The diagenesis of the Tor Formation chalk will be 
examined. Sedimentary variations in the Tor Formation are examined. Porosity 
variations based on core He porosity data provided by BP are combined with stable 
isotope data on whole rock samples from the Tor Formation provided by BP and 
added to by the author. The combined data sets allow the identification of matrix 
porosity destruction through diagenesis and increased cementation in the reservoir, 
as opposed to porosity reduction through variations in sedimentology. The relative 
timing of diagenesis of the Tor Formation matrix is discussed and the role of 
hydrocarbon charge in preserving porosity examined. 
Chapter III: This chapter examines the diagenesis of the fractures within the Tor 
Formation. Fractures are sub-divided into subsets based on their associations with 
stylolites. Each fracture is described and the mineral assemblages within each 
fracture documented. The relative timing of each fracture formation is discussed and 
related to the structural evolution of the field. The chapter deals with the micro 
thermometric measurements of fluid inclusions within the fracture filling cements 
(calcite and celestite). Some measurements were obtained by BP and new 
measurements added to by the author. The measurements were preformed in order 
to constrain the temperature at which cementation of the fractures commenced. 
Information on salinity of the fluid from which the fracture cements precipitated was 
also obtained. The chapter also includes stable carbon and oxygen isotope data on 
the calcite and dolomite cements within the fractures. The purpose of performing 
stable isotope measurements on the fracture cements was to compare with the matrix 
10 
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stable isotope data, in order to determine if fracture diagenesis took place in an open 
or closed system. Radiogenic strontium isotope analyses were also undertaken for 
the same reason. 
Chapter IV: This chapter acts to identify the source of fluid responsible for the 
fracture diagenesis within the Tor Formation. Constraints on the sources of fluid are 
derived from the stable and radiogenic isotope study and the fluid inclusion study 
presented within Chapter III. The origin of the fluid is examined. Fluid flow and 
migration paths between the Jurassic source rocks and Cretaceous reservoirs within 
the North Sea is discussed. The volume of fluid is calculated. 
Chapter V: Chapter V provides a discussion of the research results presented within 
this thesis. 
16: Structural Evolution of the Machar Field 
In this section a short summary of the structural evolution of the Central North Sea is 
presented, the section includes a summary of a more detailed account of the 
structural evolution of Machar described by Foster and Rattey (1993) is summarised. 
The purpose of this section is to allow the reader to understand the main structural 
events during the development of the Machar reservoir (Figure 1. 5), in order to 
relate these events to the diagenesis of the field described within the main body of 
the thesis. 
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Figure 1. 5: Seismic section through the upper part of the Machar structure showing 
the positioning of the salt diaplr relative to the Cretaceous chalk and Paleocene sands. 
Onlap of the Upper Miocene sediments over the structure marks the end of active 
diapirism. Seismic courtesy of BP reproduced from Davison et aL, 2000. 
1.6.1: In the Beginning: The development of the North Sea 
It is now widely accepted that the North Sea basin has undergone several phases of 
rifting. As one can appreciate, the complex evolution of the North Sea is far beyond 
the scope of this thesis. What is presented here is a short summary of the main events 
as described by Glenme et al., (1998) and Hodgson et at., (1992). 
The late Ordovician marks the rapid narrowing of an ocean called Iapetus, 
which had separated the continents of Laurentia from Baltica since the late 
Precambrian (Figure 1. 6). Final closure of the ocean in the early to middle Silurian is 
marked by the Finnmarkian (northern Norway), Athollian (former Grampian), and 
Caledonian orogenic belts (Figure 1. 6). By the end of the Caledonian, subduction of 
the Iapetus Ocean, and accretion of Laurentia, Baltica, Avalonian and Armorica had 
resulted in the formation of the Old Red Laurasian mega-continent (Ziegler, 1982). 
Post-orogenic Devonian rifting resulted in the formation of a series of basins in an 
Old Red Province (Ziegler, 1982; Richards, 1990a). From an Early Devonian position, 
approximately 200  south of the equator the mega continent of Laurasia drifted 
northwards and reached an equatorial position in Upper Carboniferous times. 
During the Upper Carboniferous Laurasia collided with the continent of Gondwana. 
This collision resulted in the formation of the Pangean mega-continent during the 
12 
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Variscan orogeny. Early Carboniferous sedimentation represents a transition from 
the relatively and conditions of the southern hemisphere tropics that prevailed at the 
end of the Devonian, to the more humid equatorial conditions of Coal measure 
deposition (Habicht, 1979) (Figure 1. 7). Much of the northern North Sea was 
uplifted at this time with the resulting inversion and erosion of Devonian-
Carboniferous basins (Ziegler, 1982). 
Around the Carboniferous/ Permian boundary, two different processes 
followed each other in fairly rapid succession. The first involved North/South 
compression and the creation of the Variscan Orogen (as above). The second event 
began very early in the Permian and involved north-west-south-east orientated 
transtension. The latter led to Lower Rotliegend volcanism and collapse of the 
Variscan Highlands, and then to subsidence of the Southern and Northern Permian 
Basins within the northern foreland. 
1.6.2: The Development of the Permian Basins 
Lower Permian sediments accumulated in an extensive trough between the NE-SW 
trending Caledonian mountain belt to the north and the east-west trending Variscan 
fold belt to the south (Hodgson et al., 1992). Two isolated basins were formed (Taylor 
1984: Zeigler 1988): The Northern and Southern Permian Basins (Figure 1. 7). The 
Mid-North Sea High separated these, a granite cored feature, generally considered to 
be of late Caledonian origin. Early Permian extension initiated the Viking-Central 
graben fracture system (Glennie 1984: Badley et al. 1988), which overprints the east-
west lineation of the post Variscan inversion trough. In the Central Graben, the 
extension resulted in considerable topographic relief (in excess of 1066m), which was 
subsequently reworked into the basin. However the rate of synrift subsidence was 
not matched by sediment infihl and by the time of the mid Permian Zechstein 
transgression, the deepest parts of the basin were occupied by desert lakes, whose 
surfaces were 180-270m below sea level (Smith, 1979; Zeigler, 1982; Hodgson et al., 
1992) Figure 1. 7. The Northern Permian basin became sediment starved and high 
rates of evaporation occurred. By the end of the Permian the Zechstein evaporite had 
in-filled the previous rift topography such that the Central Graben represented an 
extensive low-relief basin with little or no topographic expression (Hodgson et al., 
1992) (Figure 1. 7). Extensive halokinesis and possible dissolution make it difficult to 
estimate true thickness of Upper and Lower Permian, but estimates reach up to 3km. 
(Allan et al. 1985, Hossack 1995) It is also known that the Zechstein interval is thinner 
on the rift margins (Buchanan, Bishop & Hood 1996). 
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1.6.3: Late Permian —Early Triassic extension: Development of the 
Machar Salt 
The Late Permian to Early Triassic saw a second phase of east-west extension in the 
Central Graben. This extension was initiated in the Early Triassic, centred on the 
Viking Graben and the Norwegian-Danish Basin (Bradley et. al. 1988). The Central 
Graben was offset from the axis of the rift and underwent only minor extension. 
Extension was accommodated by reactivation of Permian faults, and shear and 
gravity flow within Upper Permian salt (Hodgson et al., 1992). It is possible that salt 
flowed down into the Central Graben from the flanks during Triassic extension 
(Jackson and Vendeville, 1993, Nalpas and Brun, 1993). The movement of the salt 
formed a series of essentially north-south trending salt ridges and furrows (salt highs 
and lows, like a peak and trough of a wave), over the reactivated Permian faults, and 
provided sites for deposition of Lower Triassic sediments (Hodgson et al., 1992) 
(Figure 1. 8). The Triassic sediments formed 'pods' bodies of sediment isolated 
between two salt diapirs. In most cases subsidence continued until all the salt was 
displaced from beneath the sediment pod, and the pod grounded on top 
Rotliegendes surface. In the Central Graben, because the salt was thickest there, 
halting of subsidence may have not happened until the Cretaceous period. The 
adjacent salt walls are commonly located over the crests of the Rotliegendes fault 
blocks (Figure 1. 9). Growth of these walls stopped as salt supply was diminished 
when the adjacent pods grounded (Hodgson et al., 1992). It is this period of Tertiary 
extension that created the initial development of the Machar structure. 
1.6.4: Early to Late Jurassic 
In the Central North Sea, the Early Jurassic section is notable for its persistent 
absence caused by erosion due to doming (Eynon, 1981; Ziegler, 1982; Leeder 1983; 
Underhill and Partington 1993). Hodgson et al., (1992), consider this erosion to have 
occurred during the pre-rift phase, as a precursor to the intrusion of significant 
volume of volcanic material in the Middle Jurassic, at the triple junction between the 
Viking, Witch Ground, and Central Grabens (Latin et al., 1990). This thermal bulge 
probably began to form in the latest Triassic, preventing flooding of the Central 
Graben by the global Rhaetic marine transgression (Hodgson et al., 1992). The Middle 
Jurassic saw the deposition of 460m of sediments in the centre of the Graben; the 
Jurassic reservoir intervals of the Erskine Field, area 23/26, were deposited during 
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this period. The onset of sedimentation in the Central Graben followed the collapse 
of the Early/ Middle Jurassic thermal bulge (Thorne and Watts, 1989; Hodgson et al., 
1992). By the end of the Middle Jurassic, the Central Graben area was a broad low 
relief coastal and delta plain, which graded through fluvial/deltaic to 
fluvial /alluvial facies in its upper reaches (Hodgson et al., 1992). The central flood 
plain was surrounded by relatively low-relief uplands (e.g. Forth Approaches Basin, 
Jaeren High, Auk Ridge, Fulmar /Clyde Terrace), comprising grounded Triassic pods 
(bodies of sediment that could no longer move due to their trapped position between 
salt highs or pre existing sedimentary ridges) and salt walls (salt which bounded the 
pods). Local intra basinal highs (e.g. Josephine Ridge, Forties Montrose Ridge) were 
also bald (Hodgson et al., 1992) due to exposure and erosion. 
1.6.5: Late Jurassic extension 
During the Late Jurassic there was a major phase of extension, which produced a 
graben up to 2km deep, filled with fine-grained clastic rocks. In the deeper parts of 
the Central Graben, the Middle Jurassic is unconformably overlain by sand rich, 
transgressive, clastic sequences of the Fulmar Formation, that range in age from early 
Oxfordian to late Kimmeridgian (Hodgson et al., 1992). Hodgson et al., (1992), 
suggest that early Oxfordian rifting was taken up primarily on the major graben 
bounding and intra-graben faults and was followed by a second period of rifting in 
the late-early Kimmeridgian (Rattey and Hayward 1993). 
1.6.6: Cretaceous Basin Fill 
The lower Cretaceous strata deposited during the initial thermal subsidence phase 
consist of fine-grained clastic rocks. Upper Cretaceous to Danian age chalk is one of 
the major hydrocarbon reservoirs in the North Sea, and is usually the oldest strata 
preserved on top of the diapirs. The general absence of Triassic through to Early 
Cretaceous strata over the diapir crests suggests that they were never deposited over 
the topographically high crests, or that they accumulated as veneers that were 
destroyed by erosion or salt flow. During the early and late Cretaceous and early 
Tertiary some of the larger sediment pods of the Eastern Trough were still subsiding 
under gravity (Hodgson et al., 1992). The salt walls and ridges that characterized the 
Triassic and Jurassic were evolving. As bulk salt supply to the ridges was reduced 
relative to sedimentation rate, the ridges became focused areas of doming (Hodgson 
et al., 1992). 
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1.6.7: Paleocene Basin Fill 
Paleocene sandstones, which overlie the chalk, are also an important hydrocarbon 
reservoir. These sandstones thicken away from the diapir crests up to a maximum 
gross thickness of 300m and are thin on the crests due to salt buoyancy during 
deposition. Occasional turbidite flows up to 7m in thickness are encountered over 
the crest of the Banff diapir. These are interpreted to be the largest flows, which had 
enough momentum to travel up and over diapir crests (Evans et al., 1999). The 
Paleocene sands were sourced from the northwest and represent the deposits of 
submarine, gravity flow, processes. During this period it is likely that the Machar 
structure was buoyant. Continued subsidence and sediment loading led to the 
development of diapiric spines from the domes as the salt maintained a state of 
buoyant equilibrium. The growth of the diapirs was passive; complete, but 
condensed Mesozoic and Early Cenozoic sections on the crests of the Machar (Figure 
1. 5) and Mungo diapirs provide evidence for passive growth rather than abrupt 
piercement. The sediments adjacent to the diapir are believed to down-build around 
the salt, as the sediments subside and compact the salt retains its position. This 
creates an extensional field over the diapir crest (Hodgson et al., 1992). During this 
time the chalk above Machar moved and thinned. 
1.6.8: Eocene to Mid Miocene 
Siltstones, clay-stones and occasional sandstones were deposited from Eocene to 
Recent limes. These sediments form a seal to the Cretaceous and Paleocene reservoirs 
on Machar. Buoyant equilibrium of the Machar salt continued during this phase until 
a regional Alpine-related inversion event in the Mid-Miocene. This caused the only 
true phase of diapiric salt piercement in the history of Machar diapir (Foster and 
Rattey, 1993). Compression and uplift of the salt is manifested by the pronounced 
Mid Miocene unconformity visible on Machar seismic (Figure 1.5) and confirmed by 
missing section in Machar wells. The main movement of the salt caused tectonic 
fracturing of the chalk and led to the development of a master fault running across 
the structure, which takes up most of the displacement. This movement coincided 
with oil migration in the Early Oligocene. 
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1.6.9: Late Miocene to Recent 
Rapid regional subsidence during the late Tertiary to recent caused over pressuring 
of the Machar reservoir (c. 1100 psia at 1700m ss). Machar is currently buried more 
deeply than at any time in its history (Figure 1. 11). Some residual positive buoyancy 
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c. Zechstein Sea 
250 million years ago 
b. Permian deserts 
270 million years ago  
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Figure 1. 7: Block diagrams of North Sea Paleo-environments showing the conditions 
that prevailed from Late Carboniferous to Zechstein times. Early Carboniferous 
sedimentation represents a transition from the relatively arid conditions of the 
southern hemisphere tropics that prevailed at the end of the Devonian to the more 
humid equatorial conditions of Coal deposition (Habicht, 1979). Lower Permian 
sediments accumulated in an extensive trough between the NE-SW trending 
Caledonian mountain belt to the north and the east-west trending Variscan fold belt to 
the south. Two isolated basins were formed (Taylor 1984: Zeigler 1988): The Northern 
and southern Permian Basins. The Mid-North Sea High separated these, a granite 
cored feature generally considered to be of late Caledonian origin (Diagram from 
UKOOA 2004). 
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Figure 1. 8: Model for the evolution of salt walls (salt highs formed due to sediment 
loading) and sediment pods (bodies of sediment between salt highs) within the Central 
North Sea, see text for explanation. Diagram from Hodgson et al., 1992. 
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Figure 1. 9: Jurassic halfgraben formation over salt walls, Eastern Trough; a large 
Triassic sediment pod has developed in an area of thick Zechstein salt. Post-Triassic 
salt withdrawal has formed synforms that have subsequently been in filled in the 
Jurassic. Note the presence of the salt structures at the top of the Rotliegendes faults. 
Diagram from Hodgson et aL, 1992. 
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Figure 1. 10: Schematic diagram of salt controls on basin evolution and relative timing, 
within the Central North Sea. Diagram from Hodgson etal., 1992. 
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Figure 1. 11: Established burial curve for the Machar chalk. The chalk is now at 
maximum burial. Rapid subsidence began in the Late Miocene and continues to the 
present day. Burial curve from Oxtoby and Robinson 1988. 
1.7: Sedimentology of the Machar Field 
The most recent and detailed account of the sedimentary sequences of the Machar 
field is provided by a series of BP in-house reports. What is presented here is a 
summary of the reports: 
The Machar reservoir comprises Paleocene sand, fractured Cretaceous chalk and 
diagenetic celestite reservoirs, overlying and on the flanks of, a salt diapir (Figure 1. 
12). The main reservoir in the field is that of the chalk, but oil has been found in both 
the Paleocene sands and the celestite unit. The sediments overlie the Zechstein 
Group Halite and Anhydrite (Figure 1. 12). The Cretaceous sediments are members 
of the North Sea Chalk Group, which formed in a widespread sea during Upper 
Cretaceous times. The formations that are found on the Machar field are the Hod, 
Tor and Ekofisk, (Figure 1. 13). Tor formation is represented by clean, pelagic 
bioclastic rnudstones (chalky limestone). The Hod and Ekofisk formations contain a 
higher proportion of detrital clay when compared with the Tor. This facies displays a 
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matrix of tiny coccolith fragments, which has low permeability due to narrow pore 
throats but good intergranular porosity. Minor, local developments of packstones 
and wackstones have been encountered in redeposited chalk units, which were 
probably a result of syn-depositional resedimentation caused by salt movement 
and / or sediment instability. The chalk facies represents an open marine depositional 
environment, free of major clastic input. 
The Paleocene sands, overlying the chalk were sourced from the northwest 
and represent the deposits of submarine, gravity flow, processes. The sediments are 
typically represented by thin sand units (typically < im) with rarer thicker units (up 
to 7m thick), and are separated by generally thicker shales. The sands are best 
developed within the Forties Formation where they are relatively clean, moderately 
well sorted, and fine- coarse grained. The thickness distribution of the sandstone, 
and chalk reservoirs is likely to have been controlled by the continued buoyancy of 
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Figure 1. 12: Diagram of the Machar structure showing stratigraphic units. (Illustration 
form Bustard etal., 1993) 
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This chapter addresses the issue of chalk diagenesis, using evidence from a wealth of 
published information on chalks from around the world. Chalk diagenesis as a 
concept is discussed, the key factors that control the rate of diagenesis within a chalk 
are summarised and existing models on the diagenetic pathways of chalks are 
explained. The diagenesis of the Tor Formation, a member of the North Sea 
Cretaceous Chalk Group present on the Machar field is investigated using porosity 
data, well log, core studies, stable isotope analysis and petrographic tools. The 
diagenetic history of this chalk is compared to existing models. 
2.1: The Key Controls: Chalk Diagenesis 
Approximately 32 billion barrels of oil and gas equivalent exist within the chalk 
reservoirs of the North Sea (Megson and Hardman 2001) (Figure 2. 1). The economic 
importance of these reservoirs created a number of studies on the diagenesis of 
chalks within the North Sea in the late 1980's. (Watts, 1983; Taylor and Lapre, 1987; 
Jensenius, 1987, Jensenius et al., 1988; Jorgensen, 1987; Jensenius and Burruss 1990 
and Egeberg and Saigal, 1991). A summary of these finding combined with chalks 
from around the world is presented here. 
The diagenesis of a chalk comprises of all the processes that affect the 
carbonate after deposition until metamorphism at elevated temperatures and 
pressures takes place. A chalk is a fine-grained limestone micrite (modal grainsize 
<7i.tm), composed mainly of coccoliths (Figure 2. 2) with varying amounts of 
planktonic foraminifera or coarser skeletal material, and silica and clay from the 
land. The material accumulates in warm, clear, waters forming sheet like deposits of 
great lateral extent; such as the European chalks. Despite the sediment being fine 
grained, chalks have an advantage, during diagenesis, over other carbonates: due to 
deposition in deep waters. The water depth ensures that chalks are not exposed to 
meteoric flushing, an event responsible for early diagenesis in other carbonates, 
which reduces porosity by dissolution and cementation. In addition, their 
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composition of low Mg calcite means that they are more chemically stable in 
comparison to most other carbonates, because low Mg calcite is much less 
susceptible to replacement during burial. 
There are two processes that dictate the potential for chalk sediments 
becoming a good reservoir. One is the initial sedimentary history of the chalk and the 
other is that chalk's diagenetic pathway. The initial sedimentary history of a chalk 
falls into two categories, those sediments that settle towards the sea floor and lie 
until burial, and those sediments that are re-worked after settling to the sea floor. The 
physical mixture of silicates, clay and carbonates within a chalk is also important in 
dictating the porosity-permeability conditions within a chalk body. Increased 
amounts of silicates and clay, cause reduction in porosity (see comparison between 
Ekofisk and Tor later). The diagenetic pathway of a chalk, during burial is towards 
physical and chemical equilibrium, i.e. greater rock density at the expense of porosity 
reduction and increasingly restrictive inter-granular fluid movement, due to 
reduction in permeability. Mechanical compaction and chemical compaction coupled 
with timing of hydrocarbon charge, and the onset of overpressure and temperature 
all play an important role in the diagenesis of a chalk. This section will discuss the 
important factors that will determine chalks reservoir properties. The initial 
sedimentary make-up of a chalk will be discussed first, followed by the process a 
chalk undergoes as it follows its diagenetic burial pathway. 
27 









CUR EW oc 
29 29 - 
\ 
PA ELDFISK 	)ALD  
UK YALHM.r. IDENMARK 
'10 BftUON - 	 $svE!N48Bft.LiON]_ 
BARRELS - FL 
- 
AN BARRELS 
STOIIP souTh 	t- 
30 OLF 	GO(;Q 
VAN 
A - 
0 	kms 	100 
Figure 2. 1: Map of the chalk reservoirs and their reserves of the North Sea. (Adapted 
from Megson and Hardman 2001). The vast quantity of reservoirs within the Norwegian, 
Danish and UK sectors highlights the importance in understanding the key diagenetic 
control on these chalks. 
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Figure 2. 2: Scanning electron micrograph of soft chalk illustrating the composition of 
chalk. Fossils: coccoliths. Photo from Tucker and Wright 1990. 
2.1.1: Initial sedimentary make-up and depositional mechanisms 
The greatest influence on chalk diagenesis during burial is the initial sedimentary 
history of the chalk. The deposition of chalks in the North Sea can be considered in 
two main categories: Pelagic and reworked pelagic (Figure 2. 3). Pelagic deposits 
form through the settling out of skeletal debris to the sea floor. The deposits may be 
clean with a high skeletal content or may have variable amounts of terrestrially 
derived material. Particle size varies with the skeletons and they may become poorly 
sorted due to bioturbation. Reworked-pelagic deposits are pelagic deposits that have 
been deposited and then reworked by gravity or mass flows. These flows have the 
effect of sorting the sediment; by depositing large grains first, so removing them 
from the fine-grained micrite and clay minerals. Thus layers of well-sorted chalks can 
result. 
The mechanisms of sorting dictate that redeposited chalks have higher initial 
porosities than pelagic deposits (80% in comparison to 70%). The separation of larger 
detrital particles from the fine-grained micnte also means that pore throat sizes are 
larger giving much better permeabilities. Reservoir properties of reworked-pelagic 
deposits at 330m of burial are 100- 1000mD with 50%o. In pelagic deposits these 
figures are reduced to 10-100mD with 30%0 (Oakman & Partington 1988). Reworked 
pelagic chalks are therefore much more attractive reservoirs. Mechanisms for causing 
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redeposition of chalks in the North Sea include active faulting or rising halokinetic 
features. 
Brasher and Vagle (1996) developed a model based on sedimentary makeup 
of the chalk to illustrate just how influential the initial sedimentary mechanism could 
be in dictating reservoir properties of the chalks. The model (Figure 2. 4) recognised 
three different types of chalks based on their initial sedimentology: Category III 
chalks corresponding to Reworked Pelagic chalks i.e. chalks that have been 
deposited by gravity flows or slumping and tend to have the best reservoir 
parameters. Category I chalks form from pelagic settling and have the poorest 
reservoir properties and Category II chalks which fall between the two. The results of 
the experiments by Brasher and Vagle based on real data and modelling show that 
pelagic deposits (Cat I) upon burial would have a porosity value of 23% at 1km. In 
comparison a reworked pelagic chalk (Cat III) at the same depth would have a 
porosity value close to 55%. With continued burial the same chalks would experience 
porosity reduction to less than 10% in pelagic deposits (Cat I) and 23% in reworked-
pelagic deposits (Cat III) at 2km. This suggests that reworked-pelagic deposits would 
have similar porosity values to pelagic deposits at twice the burial depth. The graph 
also illustrates the effects of overpressure, shallow oil charge and water saturation in 
chalks which act to retard porosity destruction. 
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Figure 2. 3: Schematic cross-section illustrating the differences in location and 
reservoir properties of Pelagic and Reworked- pelagic deposits. The diagram shows a 
schematic W to E section of chalk (blue) overlying Jurassic and Triassic sands 
(yellow), which have been formed into an antiformal structural high during chalk 
deposition by movement of Zechstein salt pillows. Pelagic deposits, which form 
through the settling out of material to the sea floor, are more common on the structural 
highs of the basin. Reworked pelagic deposits deposited and then reworked by gravity 
or mass flows are more common in the deeper parts of the basin, having been 
reworked from the structural highs. Note the difference of 20% o in initial porosities 
and lOx variations in permeability. Reworked- pelagic chalks make a much more 
desirable reservoir. (Diagram adapted from Oakman and Partington 1988). 
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Figure 2. 4: Graph and text from Brasher and Vagle (1996) illustrating the importance of 
initial sedimentary deposition in dictating the diagenetic pathway of a chalk: The graph 
Illustrates the degree of porosity reduction with increasing burial depth for different 
chalk fades. Category I chalks represent pelagic deposits. Category Ill chalks 
represent reworked pelagic deposits. (1) Category I chalks are prone to rapid porosity 
loss due to early cementation due to the tendency to tightly pack. (2) Without 
overpressure, mechanical compaction effects are severe until low porosities occur, at 
which time chemical compaction becomes more prevalent. Curves 1 and 2 are 
equivalent to the normal curve defined by Scholle et al. (1985). (3) Within water-wet 
chalks, regional overpressure acts to allay the effects of mechanical compaction. (4) 
The presence of hydrocarbons may further reduce the effects of chemical compaction. 
(5) Spot-welding of loosely packed allochthonous chalks creates a framework that 
inhibits early mechanical compaction effects. (6) Mechanical compaction accelerates 
when load exceeds rock strength. Chemical compaction becomes increasingly 
important with depth. (7) Chemical compaction acts to decrease porosity, but regional 
overpressuring allays effects of mechanical compaction until lithostatic load overrides 
the overpressuring effect. (8) Earlier hydrocarbon entry inhibits chemical compaction 
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2.1.2: "Normal" burial conditions in chalks: Diagenetic pathway 
Subsequent to the deposition of the chalk, burial diagenesis will dictate its reservoir 
properties and quality. Several authors have written on the burial pathways of chalk. 
(Matter, 1974; Matter, et al., 1975; Scholle, 1977; Mayer, 1979; Garrison, 1981; Hill, 
1983; Jones et al., 1984; Wilkens, 1992; Maliva and Dickson, 1992; Lind, 1993b; Bone 
and Fabricius, 1998; Fabncius, 2000; Mallon and Swarbrick, 2002; and Fabricius, 
2003). A summary of the main diagenetic process during chalk burial and 
controversies that exist with these processes is summarised here. The sub divisions 
and text are summarised from Fabricius (2003) who the author believes provides the 
most comprehensive and updated view on chalk diagenesis. The diagenetic process 
described will represent that of a "normal chalk", a chalk, which follows normal 
burial conditions experiencing no fluid geopressure, no excess stress or flushing with 
meteoric pore fluids. A normally buried chalk is expected to have porosity reduced 
to values less than 10% by 2000 to 3000m of burial (Figure 2. 4). Models of 'normal' 
burial digenesis for chalks have been derived from experimental works and more 
importantly work undertaken on extensive samples extracted during the Ocean 
Drilling Programme (ODP) and the Deep Sea Drilling Programme (DSDP). 
2.1.2.1: Mechanical compaction 
Porosity loss in a chalk starts with mechanical compaction and the expulsion of pore 
fluids. Porosities at deposition of carbonate oozes before burial have been recorded 
at 65-85% (Mayer 1979). This initial porosity may be reduced by 10% in the first 50m 
of burial (Matter, et al., 1975). During the process of mechanical compaction grains 
are moved closer together by breakage, reorientation or repacking as overburden 
stress increases due to sediment loading (Figure 2. 5). Evidence of mechanical 
compaction includes visible grain breakage and deformation. Fabricius (2003) and 
Scholle (1977) argue that this process may continue to a depth of 600m or until 
porosity is reduced to approximately 50% of the total rock volume. In contrast, 
Mallon and Swarbrick (2002) argue that this mechanical process is only dominant 
within the first 50m of burial, after this depth they believe that chemical compaction 
overtakes as the main diagenetic process. The depth range, quoted in the literature, 
for the extent of mechanical compaction is vast (50-600m) (Matter, 1974; Matter et al., 
1975; Scholle, 1977; Garrison, 1981; Wilkens, 1992; Mallon and Swarbrick, 2002; 
Fabricius, 2003). Evidence of mechanical compaction ceasing at 200m, has been 
described by Mallon and Swarbrick (2002), who note precipitation of calcite on fossils 
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at this depth. They argue that early pressure solution within oceanic carbonate 
sediment is the reason why data directly from borehole sediment measurements 
contrasts with experimental compaction tests (Hamilton, 1959). In contrast to Mallon 
and Swarbrick's view rock, mechanical studies on chalk demonstrate the possibility 
of mechanical compaction of chalk sediments down to a porosity of about 40% (Jones 
et al., 1984). From isotope data, Scholle (1977) concluded that mechanical compaction 
dominated down to about 50% porosity. Jorgensen (1987), measured oxygen isotopes 
from a range of Danish chalks (Figure 2. 6) and noted that in shallow buried chalks 
(<600m) there was no change in the oxygen isotope values, measured 6 180%0 PDB 
values closely resemble Cretaceous seawater. This provides evidence that dissolution 
and reprecipitation of calcite did not occur, based on the knowledge that a shift in the 
oxygen isotope data as a function of temperature would be noted. In support of 
Scholle and Jorgensen, Fabricius (2003) discovered from P-wave velocities (which 
tend to increase with burial and to decrease with porosity) and sediment sampling, 
that cement forms between particles in chalks at depths between 300 and 1000m, 
with the first true stylolites forming at 830m. 
2.1.2.2: Recrystallisation 
Subsequent to mechanical compaction, recrystallisation takes place. This process 
involves the dissolution of calcite surfaces and re-growth as a cement (Figure 2. 5). 
Fabricius (2003) views this process as 'a constant interchange between calcium and 
carbonate ions from the solution to the crystal surface'. The process is dictated by 
time and temperature (which will increase the rate of recrystallisation), particle size, 
shape and roughness, grain composition, and pore fluid chemistry. The result of 
recrystallisation is the formation of larger, smoother and more regular crystals. 
Smooth equant calcite crystals are produced under this process. 
2.1.2.3: Chemical Compaction at Stylolites 
Stylolites are silica and silicate residues, forming seams, at the sites of carbonate 
dissolution. Carbonate dissolves preferentially at the contact with silica and silicates. 
Tada and Siever, (1989) believe that stylolite development in pelagic limestones 
begins at approximately 407o porosity (950m in category I chalk, Figure 2. 4). Hill 
(1987) records dissolution features between 335 and 1270m in DSDP cores. Well-
developed stylolites have been recorded in chalk and limestones below 830m from 
the Ontong Java Plateau (Lind 1993b). 
The amount of dissolution at stylolite surfaces is a hotly debated topic in 
chalk diagenesis. Davison et al., (2000) believes that the thickness of stylolites is 
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directly proportional to dissolution. He calculates that up to 40% of the present chalk 
thickness within the Machar field (Central North Sea) has been lost through pressure 
dissolution at stylolites. However this ignores the possibility that the 'stylolite' mud 
layers are partially or wholly depositional in origin, and may represent 
concentrations of clay. Lind and Schioler (1994) used dinocysts to determine that the 
fauna and silicate composition of stylolite seams in chalk from the Dan field (North 
Sea) is distinct from the fauna and silicate composition of the insoluble residue of the 
chalk matrix. This strongly suggests that chalk and 'stylolite' mud residues had 
distinct depositional origins. Variations between the amount of residual seams 
between the Tor and Ekofisk Formations suggest that many of the residual seams are 
depositional mud (see section 3.1.4). Lind (1993a) found that stylolites in ODP Site 
807 form where high depositional concentrations of silicates are already present. 
These arguments suggest that dissolution commences preferentially at silica and 
silicate layers naturally present within the chalk. Continued dissolution of carbonates 
at these layers, during burial, leads to the development of stylolites, indicating that 
the thickness of the stylolite does not represent the amount of dissolved matter and 
subsequently, cannot be used to calculate thickness reduction. 
Hydrocarbons may halt or retard chemical dissolution at stylolites through 
polar hydrocarbons adsorbing onto silicates rather than calcite (Madsen and Lind 
1998, Fabricius 2003). Dissolution at stylolites is also strongly affected by pore fluid 
temperature, pressure and water chemistry. When magnesium concentrations are 
above 0.01M (240 mg/1), dissolution is retarded (Neugebauer, 1974). Thus, unless 
chalks are flushed extensively with magnesium poor fluids, which would be typical 
of meteoric water but atypical of deep basin waters, they may resist pressure solution 
to considerable depths. Elevated temperatures in a reservoir have the effect of 
decreasing the solubility of calcite causing an increase of precipitation with depth. 
Pressure increase during progressive burial is also a very important factor during 
diagenesis. High pore fluid pressures (lithostatic pressures) have the ability to 
prevent or retard chemical and mechanical compaction. 
2.1.2.4: Pore filling cementation: Sources of cement 
Jorgensen (1987) measured Ô 13C PDB%o values for North Sea Basin chalk and found 
that no correlation existed between amounts of cement and 6 13C PDB%0. The 
principal source of cement is probably Ca ions diffusing from calcite dissolved at 
stylolites; cement may also be sourced from point grain contacts during 'chemical 
compaction'. The calcite dissolves at grain contacts and re-precipitates locally (cm to 
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Figure 2. 5: Conceptual sketch of dlagenetic processes: mechanical compaction and 
recrystallisation. Dark=solid phase, white=pore space (From Fabricius, 2003). 
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Figure 2. 6: 8180  PDB%O values of chalk matrix (outlined by solid lines) and fracture 
filling calcite (broken lines) versus depth for different oil fields around salt diapirs, in 
the Danish Central Trough. The normal trend for chalk from the Danish sub-basin Is 
shown (after Jorgensen, 1987). The plot illustrates that in shallow buried chalks 
(>600m) there is no change in the oxygen isotope values. Measured 6180 PDB%O, 
closely resembles Cretaceous seawater. This provides evidence that dissolution and 
reprecipitation of calcite did not occur, based on the knowledge that a shift in the 
oxygen isotope data as a function of temperature would be noted as illustrated by the 
deeper burled chalks. (Fig from Jensenius and Munksgaard, 1988). 
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2.2: Porosity trends in the Machar chalk matrix. 
2.2.1: Introduction 
This section investigates the critical factors in the chalk diagenesis of the Tor 
Formation on the Machar structure (Figure 2. 7). Well log analysis, sedimentary logs, 
porosity and permeability from core plugs, petrography, and stable isotopes are all 
used to understand the diagenesis. The diagenetic history of the Tor Formation on 
Machar is compared to the burial histories of 'normal chalks' and to other chalks 
within the Central Graben of the North Sea. 
2.2.2: Materials and Methods 
Well cores (Wells 23/26a-13, 12 and 13z) (Figure 2. 7) were examined and 
sedimentary characteristics noted. The wells were selected because they had 
completed cored sections of the Tor Formation above and below the oil water contact 
(Figure 2. 7) and extensive pre-existing data sets were available for the wells. Well 
log data; porosity and permeability data from core analysis, and a stable isotope data 
set from whole rock matrix samples were obtained from BP. These pre-existing data 
sets are combined with an additional stable isotope study and detailed petrography 
using the SEM. Variations in reservoir characteristics were noted above and below 
the oil water contacts (OWC) in all three wells (OWC at; 2200m in Well 23/26a-13, 
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Figure 2. 7: A) Location Map of Machar Field (Maliva et al., 1995). B) Location of Oil 
Water contact within Wells 23/26a-13 (2200m), 13z (2600m) and 12 (2300m) on Machar 
(Diagram from Foster and Rattey, 1993). C) Location of wells on the Machar structure 
and relationship of salt and chalk. Celestite caprock occurs immediately above the 
Zechstein anhydrite, which rests above the salt dome and is overlain by the chalk unit 
(Diagram from Baustad etal. 1993). 
2.2.3: Sedimentology of the Tor Formation on the Machar field 
The Cretaceous chalks overlie the Zechstein Group Halite and Anhydrite on the 
Machar field (Figure 2. 7) The chalks are members of the North Sea Chalk Group that 
formed during a period of high sea level, when substantial water depth (>50m) 
39 
Chapter II: Chalk dia genesis 
existed over the northwest European craton. The Chalk Group comprises the Hod, 
Tor and Ekofisk Formations (Figure 1. 13). A brief summary of all the chalk fades 
found on Machar can be found within Chapter I. 
The study of matrix diagenesis is concerned with the Tor Formation: the 
middle formation of the North Sea Chalk Group and the main producing reservoir 
on the Machar field. The most recent and detailed account of the sedimentary 
sequences of the Machar field is provided by a series of BP in-house reports (Maliva 
and Dickson 1992). Maliva and Dickson sub-divided the Tor Formation in the 
Machar field into two main depositional fades: pelagic chalk, and reworked pelagic 
turbidite sequences. The pelagic chalk intervals are characterised by the presence of 
pervasive bioturbation, foraminifera mudstone and radiolarian-foraminifera 
mudstone. The reworked pelagic turbidite sequence consists of a basal chalk 
conglomerate, overlain by a homogenous mudstone / wackestone. The turbidite 
sequences are either stacked directly on top of one another or are separated by 
intervals of pelagic chalk (Figure 2.8-2.10). Maliva and Dickson (1992) analysed other 
components within the chalks by dissolving the carbonate. Quartz is the main 
component of the insoluble residues (80%) with Kaolin and Mite also present. The 
insoluble residues within the Tor Formation are as low as 4.6% (Figure 2. 11). The 
pelagic sediments (6.3%) had a higher significantly mean insoluble percentage than 
the reworked sediments (3.89 7o) due to sorting of the reworked pelagic sediments as 
the chalk is moved. In contrast to the Tor Formation, the Ekofisk formation typically 
contains 357o insolubles. 
2.2.3b: Pelagic and reworked deposits of the Tor Formation on Machar. 
Figures 2.3 and 2.4 illustrate how variations in sedimentary history of the chalk can 
significantly affect the porosity and permeability of the chalk body. Differences of up 
to 2091o' in porosity and an increase of lOx in permeabilities make understanding and 
identifying locations of reworked chalk in the reservoir vital for successful 
production of hydrocarbons. 
Chalks can be reworked through a number of different processes each 
producing distinctly different characteristics within the chalk body. Scholle et al., 
1998 identified three main processes that can cause reworking of chalks, which 
operate on the Dan field, Danish North Sea. 
1) Transportation of sediment from high-standing areas to ones of greater water 
depth during a limited number of large-scale mass movement events. The 
mechanisms for the transportation are likely to have been debris flows and 
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proximal turbidity currents moving large volumes of sediment into the 
deeper water. 
Single or very small number of erosional events. Causing large-scale 
truncation of units. These events could be identified from large scale current 
generated erosional structures 
Continuous current winnowing of pelagic and material to be deposited in the 
deeper waters. This process involves gentle, frequently repeated, marine 
currents to remove the finest grained material. The same currents then 
transport the particles as suspended sediment into down-slope or down-
current areas. 
Biostratigraphy and/or the presence of cycles are the most useful ways to determine 
if reworking of the chalk has occurred. The presence of meter scale cycles within a 
chalk succession would draw the conclusion that there is little or no redeposition of 
sediment. Large-scale redeposition would obliterate cycles and produce thicker, 
predominantly unstratified deposits (Scholle et al., 1998). 
Biostrat analysis was undertaken on the Machar chalks by Maliva and 
Dickson (1992) in order to determine if the chalks had been reworked subsequent to 
deposition. Maliva and Dickson defined microfacies on the basis of grain 
composition and texture using the classification scheme of Dunham (1962). Three 
main microfacies were identified within the Tor Formation: 
Extraclast-Bonetocardiella-foramimfera wackestone 
Bonetocardiella-foranunjfera mudstone / wackestone. 
Foraminifera mudstone 
Radiolarian-foraminjf era mudstone 
Inoceramid-foraniinjfera mudstone 
Pelagic deposits are represented by the presence of foraminifera mudstone, 
radiolarian-foramjnjfera mudstone and Inoceraniid-foramjnjfera mudstone and are 
dominated by planktonic foraminifera. These microfacies constitute the bioturbated 
chalk intervals of the Tor Formation. 
Reworked! Redeposited facies contain; extraclast-Bonetocardiella-
foraminifera wackestone and Bonetocardiella-foramjrjifera mudstone/ wackestone. It 
is believed that the green algae that produced the Bonetocardiella calcispheres 
appears to have been common in shallow water shelf environments of the Chalk Sea 
during Cretaceous time, but was absent or rare in deep-water basinal environments, 
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such as in the vicinity of the Machar Field, thus indicating sediment gravity flow 
deposits derived from shelf environments. 
The classification by Maliva and Dickson (1992) of the Machar core into 
pelagic and reworked facies due to the presence of biomarkers is used throughout 
this thesis. 
2.2.4: Sedimentary sequences within individual wells 
The bulk of the Tor Formation in the Wells 23126a-12 and 23/26a-13 (Figure 2.8 and 
Figure 2.9) consist of stacked turbidite sequences, with only volumetrically minor 
pelagic intervals. The upper 58m (2673-2735m, core depth) of the Tor Formation in 
Well 23/26a-13z are predominantly pelagic with only several inter-bedded turbidite 
sequences (Figure 2.10). The underlying 67m (core depth) of Well 23/26a-13z consist 
largely of stacked turbidite sequences. The absence of (50+m) of pelagic interval at 
the top of the Tor Formation in Well 23/26a-13, which is located approximately 
0.5km towards the structure crest from Well 23/26a-13z, is either due to non 
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Figure 2. 8: Well 23126a-12 sedimentary description of core combined with porosity 
from well logs and oxygen isotope analysis. The bulk of the Tor Formation in Well 
23126a-12 consists of stacked turbidite sequences. Maliva and Dickson 1992. 
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Figure 2. 9: Well 23/26a-13 sedimentary description of core combined with porosity 
from well logs and oxygen isotope analysis. The bulk of the Tor Formation in Well 
23126a-13 consists of stacked turbidite sequences. Maliva and Dickson 1992. 
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Figure 2. 10: Well 23126a-13z sedimentary description of core combined with porosity 
from well logs and oxygen isotope analysis. The top of Well 23126a-13z is 
predominantly pelagic, with the bottom predominantly non pelagic. Maliva and Dickson 
1992. 
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Mean insoluble residue percentages in the Tor and Ekofisk 
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Figure 2. 11: Bar graph illustrating the percentage concentration of mean Insoluble 
residues (MIR), material other than carbonate within the chalks on the Machar field. 
The Tor Formation has significantly lower MIR's when compared to the Ekofisk 
formation. Within the two sedimentary subdivisions of the Tor Formation pelagic 
sediments have higher MIR when compared with reworked- pelagic sediments. This 
difference is due to the separation and sorting of particles in Reworked- pelagic 
sediments as the chalk is moved and reworked, (MIR's calculated by Maliva and 
Dickson 1992). 
2.2.5: Porosity Data measured from core analysis. 
Measured core porosities from core plugs were obtained from BP. The porosity 
distributions within the Tor Formation (main producing facies on Machar) were 
plotted against true vertical depth (TVD) in order to observe porosity/depth 
variations. The porosity values of wells 23/26a-12, 23/26a-13 and 23/26a-13z (Figure 
2. 7) are present in Appendix 1 and presented graphically in this section (Figure 2. 12, 
Figure 2. 13, Figure 2. 14 and Figure 2. 15) The similarities in the range of porosities 
within Wells 12 and 13 suggests that the variations in present-day depth between 
these wells is due to halokinesis post dating cementation. 
2.2.5.1: Well 23126a-13 
Well 23/26a-13, the shallowest well in the study, covers the depth range 1897-2082m 
(Figure 2. 12 & Figure 2. 13). Porosity values in this well range between 27% at the 
top of the well, to just 5% at the base of the well. Although high porosities exist at the 
top of the well, and low porosities at the base, the porosity depth trend is only 
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strongly correlated below 1970m (R 2= 0.7144) (Figure 2. 13). The lack of correlation 
throughout the entire well is due to a step effect in the porosity data at a depth 
between 1956 and 1970m. Porosity values in Well 23/26a-13 decline from 26% at 
1897m to 15% at 1956m. At 1970m porosity increases again to 26 17o and is reduced 
steadily with depth to 6% at 2070m. This stepped effect in porosity is also seen to a 
lesser extent in Well 23/26a-12 (Figure 2. 14). Possible explanations for the stepped 
effect in porosity may include: 
Variations in initial sedimentary make-up. High porosity values may represent 
reworked pelagic reworked turbidities with the low values representing pelagic 
deposits. Slowly deposited pelagic sediments may have undergone higher degrees of 
early cementation because of their greater exposure to seawater. The reworked (non 
pelagic) deposits may have lower porosities because they have slightly lower 
concentrations of insoluble residues when compared to pelagic deposits (Figure 2. 
11). As the chalk is reworked it is sorted removing the insolubles. The main 
component of insolubles in the Tor Formation chalks is authigenic quartz, a source of 
silica from the dissolution of skeletons of radiolarians and siliceous sponge spicules. 
Other insolubles include clay minerals Neugebauer (1973, 1974) proposed that clay 
minerals might facilitate porosity reduction in chalks by absorbing magnesium ions, 
which might otherwise inhibit calcite solution/ rep recipitation. 
The stepped effect may be evidence of a paleo oil water contact within the chalk. 
Oil charge may have filled two compartmentalised horizons simultaneously 
separated by an impermeable layer. Oil filling from top to base over time preserved 
porosity as it did so. However an impermeable layer within the Tor Formation is 
absent from the core and well logs (Figure 2.9) and therefore there is no reason to 
propose a fluid seal. 
The. stratigraphic column may be repeated due to slumping of sliding after oil 
charge as a result of salt movement. During oil fill the stratigraphic layers above and 
below the step point (1956m) were at the same stratigraphic level subsequent to oil 
filling the layers have been offset relative to each other. However the sedimentary 
and porosity logs don't show any repetitions, making this scenario unlikely (Figure 
2.9). 
Core photos from Well 23/26a-13 suggest that the step in porosity is most likely to be 
due to variations in sedimentary facies. Between 1956 and 1970m the chalk is light 
grey to brown, hard and generally structureless, faint parallel lamination is found. 
Stylolites are common in this section of the core. The description of the chalk 
between 1956 and 1970m in well 23/26a-13 is similar to a description Scholle et al., 
(1998) gave to a lithofacies (C) present within the Dan field. Scholle et al., 1998 
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concluded that the characteristics above along with the presence of bioturbation 
indicated slow pelagic sedimentation. 'Low accumulation rates led to the 
development of relatively firm, winnowed sediment, with no indication of sudden 
influxes of large amounts of sediment' (Scholle et al., 1998). This slow sedimentation 
and lack of reworking of the chalk sediments would give rise to chalks of low 
porosity and permeability. 
2.2.5.2: Well 23126a-12 
Well 23/ 26a-12, covers the depth ranges between 2171m and 2236m (Figure 2. 12 & 
Figure 2. 14). Porosity values in this well range between 27 17o at 2183m close to the 
top of the well to 9% at the base of the well. Like in Well 23/26a-13 high porosities 
exist at the top of the well and low porosities at the base, yet the relationship 
between depth and porosity is not linear due to a step in the porosity data. The step 
in porosity values in Well 23/26a-12 is not as pronounced as that in Well 23/26a-13. 
The step occurs between 2195m and 2203m, and again there is an absence of data 
between these two points. Porosity values in Well 23 / 26a-12 above 2195m have no 
correlation with depth. The majority of the porosity data falls between 23 and 189 1o' 
with a group of high porosity readings between 2182-2187m represented by a 
reworked pelagic gravity flow sequence on the core logs (Figure 2.8). At 2203m (after 
the step), porosity values are 24% and decline with depth to 9% at 2236m (R 2= 0.525). 
However, if the last five points at the base of the Tor Formation within Well 23/26a-
12 were removed there would be no obvious relationship between porosity and 
depth within this well. If for example the porosity values around 2235m represented 
a transition between Tor and the underlying Hod Formation then a systematic 
porosity depth decline in this well would be non-existent. In order to determine if the 
porosity decline noted in the deeper part of this well is due to diagenesis, or 
attributed to facies variations, we must rely on bulk rock oxygen stable isotope 
analysis. Decreasing oxygen isotope values will highlight a depth variation due to 
diagenesis. The similarities in the range of porosities within Wells 12 and 13 suggests 
that the variations in present-day depth between these wells is due to halokinesis 
post dating cementation. Subsequently porosity-depth trends cannot be compared 
between the different boreholes of Machar. 
2.2.5.3: Well 23126a -13z 
Well 23/26a-13z is the deepest well and covers depths between 2487 and 2598m 
(Figure 2. 12 & Figure 2. 15). There is no relationship between depth and porosities 
within this well. The porosity values in this well range between 18 and 127o over a 
Chapter II: Chalk dia genesis 
depth of approximately 150m. This restriction in porosity variations may be due to 
lack of data. The values may also be due to fades variations. Well 23/26a-13z has a 
high proportion of pelagic deposits when compared to wells 12 and 13. Pelagic 
sediments are known to have lower initial porosities compared with reworked 
pelagic deposits (Figure 2. 4). The lack of range may also represent the declining 
importance of sedimentary facies with depth, as burial progresses the effects of 
diagenesis may overtake the importance of initial fades and porosity may be reduced 
in all facies as an equal. The restricted porosity range may also represent evidence of 
a structural framework from contact cement acting on this chalk that prohibits 
further compaction. Fabricius (2003) found that limestones with porosity near 20% 
do not undergo compaction at effective vertical stresses as high as 40MPa. For 
compaction to proceed and porosity to be further reduced the effective stress must 
overcome the strength of the contact cement. 
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Depth related variations in porosity in Wells 13,12 and 13z 
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Figure 2.12: Porosity measured from core plug analysis (from BP) plotted against true 
vertical depth for all wells. The graphs show a significant decrease in porosity with 
depth in both wells 13 and 12. There was no relationship found between depth and 
porosity in the deeper Well 23126a-13z. There is no relationship between porosity and 
depth when looking at the combined data from all three wells. Average porosity in all 
Wells ranges between 24-14%. In the upper two wells porosity values may be higher or 
lower than the average porosity. This may be due to facies variations and increase in 
cementation during diagenesis. Porosity values and trends in Wells 13 and 12 are 
similar suggesting that these wells may once have been at a stratigraphically similar 
depth. The two trend lines in Wells 13 and 12 represent the trends in porosity above 
and below the 'step' (see text for discussion). Red circles show features of interest. 
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Depth related variations in porosity in Well 13 
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Figure 2. 13: Porosity measured from core plug analysis (from BP) plotted against true 
vertical depth for Well 23126a-13. There Is strong evidence of a step effect in the 
porosity data. Possible explanations include variations in initial sedimentary make-up. 
High porosity values may represent reworked- pelagic deposits with the low values 
representing pelagic deposits. Alternatively the stepped effect may be evidence of a 
paleo oil water contact within the chalk. Oil charge may have filled two horizons 
simultaneously, separated by an impermeable layer. Step in porosity values may also 
represent repetitions in the stratigraphic layers caused by offsetting or slumping 
induced by salt movement. The two trend lines in Well 23/26a-13 represent the trends 
in porosity above and below the 'step' (see text for discussion). Red circles show 
features of interest 
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Depth related variations in porosity in Well 12 
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Figure 2. 14: Porosity measured from core plug analysis (from BP) plotted against true 
vertical depth for Well 23/26a-1 2. There is evidence of a step effect in the porosity data 
(albeit not as obvious as Well 23/26a-13). Again very low porosity values exist towards 
the base of the formation which may be due to changes in the sedimentary make-up as 
the formation reaches the Tor/Hod boundary or the low porosities may be due to 
diagenesis indicating increased cementation. Stable isotope analysis determines 
which process is operating. The two trend lines in Well 23/26a-12 represent the trends 
in porosity above and below the 'step' (see text for discussion). Red circles show 
features of interest. 
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Depth related variations in porosity in Well 13z 
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Figure 2. 15: Porosity measured from core plug (from BP) analysis plotted against true 
vertical depth for Well 23/26a-13z. There is no relationship between depth and porosity 
within this well. High porosities are absent from this well. This may be due to lack of 
data. The values may also be due to facies variations. Well 23/26a-13z has a high 
proportion of pelagic deposits when compared to wells 12 and 13. The lack of range 
may also represent the declining Importance of sedimentary facies with deeper burial. 
The restricted porosity range may also represent evidence of a structural framework 
from contact cement acting on this chalk that prohibits further compaction Fabricius 
(2003). 
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2.2.6: Facies variations 
Porosity readings from sonic well log (which uses the speed in which sound waves 
travel through the well, to measure porosity. In principal the more dense the rock, 
the faster the waves travel and the lower the porosity) were plotted. Brasher and 
Vagle (1996) highlighted the importance in fades variations when trying to predict 
porosity decline with depth. In order to separate facies variation, from diagenetic 
variations, plots of single facies type over depth have been created. The facies were 
divided into pelagic and reworked pelagic deposits and results are expressed 
graphically on (Figure 2. 16, Figure 2. 17). Note that in general, porosity values 
measured from the sonic well logs are lower than those measured from core plugs 
displayed in Figure 2. 12, Figure 2. 13, Figure 2. 14, and Figure 2. 15. The values from 
the sonic well logs are therefore not directly comparable with the measured core 
plugs (which have much higher values), however we can compare variations in 
porosities between pelagic and reworked chalk from the sonic well logs. The results 
show that pelagic deposits have lower porosity values in all three wells (Figure 2. 
16). In each of the wells there also existed a weak correlation of porosity decline with 
depth in individual fades, with the exception of pelagic deposits in Well 23/26a-13 
(Figure 2. 16). This decline is due to diagenetic processes now that facies variations 
have been eliminated. There was also a depth trend in the combined data sets within 
individual facies, probably due to increased cementation (Figure 2. 17). The depth 
decline in reworked pelagic deposits over 700m ranges from porosities close to 30% 
at 1950m to porosities less than 5% 2610m (R 2=0.6248). Pelagic deposits decline from 
17% at 1870m to 57o at 2600m (R2=0.5936) (Figure 2. 17). Separating the facies has 
highlighted a small porosity reduction with depth within individual wells and a 
good correlation between porosity declines within individual facies over a wider 
depth range. Well 23/26a-12z was excluded from this depth plot (Figure 2. 17). The 
porosity similarities between wells 13 and 12 give evidence that prior to cementation 
they may once have been at the same stratigraphic depth and subsequently, due to 
the movement of the salt, have been offset relative to each other. This means that the 
present day depth difference between these two wells is an artefact. 
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Figure 2. 16: Plots illustrating variations in porosity with depth within individual facies 
measured from sonic logs. The results show that pelagic deposits have lower porosity 
values in all three wells. Reworked deposits have higher porosities. In each of the wells 
there also exists a porosity decline with depth In individual facies, with the exception 
of pelagic deposits in Well 23/26a-13. This decline must be due to diagenetic processes 
now that facies variations have been ruled out. In Well 23/26a-13z the porosity values 
between reworked and pelagic deposits are similar, suggesting that after a certain 
depth the importance of initial sedimentary make-up is reduced. 
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Figure 2. 17: Plot illustrating variations in porosity with depth within individual facies 
between Well 23/26a-13 (shallow) and Well 23/26a-13z (deep). Both facies show an 
overall porosity decline with depth that is related to diagenetic processes. 
2.2.7: Petrographic trends in the Machar chalk matrix (Tor Formation) 
Petrographic studies were undertaken on the Tor Formation matrix. Samples were 
studied under a Scanning Electron Microscope (SEM), to visually determine 
quantities of cement. Samples were obtained from the chalk, of the Tor Formation, 
within Wells 23/26a-13 and 13z. Sample collection was made on typical chalk devoid 
of fractures, at 10-15m intervals from a depth of 1930-2795m (core depth metres). 
This enabled a complete representation of both pelagic and reworked pelagic 
samples within the Tor Formation on the Machar field to be sampled. A Scanning 
Electron Microscopy study was preformed on the samples, at the University of 
Edinburgh using a Phillips XL30CP with PGT spirit X-ray analysis, and HKL 
Channe15 Electron Backscatter Diffraction (EBSD) systems. Samples were gold coated 
prior to use. Scanning Electron Microscopy (SEM) uses a focused electron beam to 
scan small areas of solid samples. Secondary electrons are emitted from the sample 
and are collected to create an area map of the secondary emissions (using the 
secondary detector). Since the intensity of the secondary emission is very dependent 
on local morphology, the area map showing typographic features is a magnified 
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image of the sample. Spatial resolution is 3.5nm (nanometre) at 30kV using the 
secondary electron (SE) detector. 
It was difficult to quantify the amount of cement present within each sample 
using SEM images, and a cement depth trend was not obvious, suggesting that the 
use of micro-photo analysis to determine cement quantities/ porosities is not suitable. 
This study was based on observations of cement, grain shape and presence of fossils. 
Variations in cement were determined through compare and contrast observations 
between samples. 
Reworked pelagic deposits at the top of Well 23/26a-13 (1932.5m T\TD) 
contain calcite crystals that are rounded and have multiple faces, packing is of low 
density and coccolith fragments can still be identified (Figure 2. 18). In contrast to 
this, a pelagic deposit below this at 1983.7m (T\TD) has significantly more cement 
crystal faces that are euhedral and interlocked, they are densely packed and few 
fossils can be identified (Figure 2. 18). In the deeper Well 23/26a-13z reworked chalk 
deposits (2547.5m TVD) contain calcite crystals with sharper edges (Figure 2. 19) and 
more euhedral in form, when compared to the reworked sample in Well 23/26a-13. 
These crystals clearly contain more cement than the reworked pelagic rounded 
crystals in the top part of Well 23/26a-13. The crystals within the reworked pelagic 
deposits in Well 23/26a-13z are similar in form to the pelagic deposits of Well 
23/26a-13. The pelagic deposits of Well 23/26a-13z contain extensive cement 
(2579.4m TVD). Crystals are interlocked forming dense patches of recrystallised 
material; porosities appear to be very low in these chalks (Figure 2. 19). Variations in 
cement volumes occurred throughout the core from facies to facies and a clear trend 
of increasing cement percentages with depth was difficult to establish. It was found 
that in general pelagic deposits contained more cement when compared with 
reworked pelagic deposits. When comparing similar facies at different depths in 
different wells it was found that both facies contained more cement in Well 23/26a-
13z (deeper well) when compared to the same facies in Well 23/26a-13 (shallower 
well). It was also discovered that the amount of cement within reworked pelagic 
deposits, within Well 23/26a-13z was similar to the cement volumes within pelagic 
facies in Well 23/ 26a-13. 
2.2.8: Source of Cement on Machar 
Euhedral calcite cement coating and cementing of original grains is present (Figure 2. 
19). There does not appear to be any evidence of grain-to-grain contact and pressure 
dissolution. This evidence suggests that the majority of calcite was produced in 















20.0 kV 4.4 - 
Figure 2. 18: SEM pictures of chalk from Wells23/26a- 13: A) Reworked pelagic deposit 
at the top of Well 23126a-13 (1932.5m TVD). Calcite crystals are rounded and have 
multiple faces; fossil fragments can still be recognised. The sample appears more 
porous when compared to B. B) Pelagic deposit within Well 23/26a-13 (1983.7m TVD). 
Calcite crystals are euhedral and interlocked, this sample has no fossil fragments 
visible and, subjectively, more diagenesis. The sample appears to have lower porosity 
when compared with A. 














Figure 2.19: SEM pictures of chalk from Wells 23/26a-13z: C) Reworked pelagic deposit 
at the top of Well 23/26a-13z (2547.5m ND). Calcite crystals have euhedral faces. D) 
Pelagic deposit within Well 23126a-13z (2579.4m TVD). Calcite crystals are densely 
packed and interlocked. 
2.3: Evidence of Burial diagenesis from stable isotopes. 
A stable isotope study was carried out by Maliva and Dickson (1992), the results of 
that study were combined with the present author's own results to form a more 
extensive data set. A list of the results produced by each individual study can be 
found in Appendix 2. The results of the combined stable isotope studies are 
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Presented graphically in (Figure 2. 20, Figure 2. 21, Figure 2. 22, Figure 2. 23, Figure 2. 
24, Figure 2. 25). 
2.3.1: Materials and Methods 
A sample from every 10-15m within the Tor Fm from Wells 23/26a-13 and 13z 
(Figure 2. 7) was sampled. The samples avoided stylolites and fractures and were 
chosen to represent an average chalk sample at that depth. The samples were flushed 
with dichioromethane prior to the analysis, to remove hydrocarbons. The samples 
were hand ground with an agate mortar and pestle. The powdered samples were 
then subject to low temperature oxygen plasma to remove any remaining organic 
matter. Carbon dioxide was liberated from the chalk (2mg) by reaction with 
orthophosphoric acid at 25°C overnight in a water-bath. Released CO 2 was purified 
and collected using a glass line at the stable isotope unit in East Kilbride. The stable 
isotope composition (oxygen and carbon) of the carbonate fraction was isotopically 
analysed on a VG SIRA II mass spectrometer. Carbonate standards were run within 
each line and corrections applied for isotopic fractionation of the reference gas 
during the run. Data was processed using the techniques of Craig (1957). Both the 
carbon and oxygen results are expressed in parts per thousand (%) relative to the 
Pee Dee Belemnite (PDB) isotope standard. From repeated analysis of laboratory 
standards the reproducibility of the isotopic compositions is estimated at ±0.29vo for 
both 6180 and VC. 
2.3.2: Results 
There is no relationship between carbon isotopes and depth of burial (Figure 2. 20). 
The narrow range of carbon isotopes, the bulk of which are between 3 and 1.57o 6 130 
PDB, suggests that there was no major external supply of CO 2 into the system or that 
the system was rock buffered. This is a contrast to carbon isotope results from the 
fracture calcites (see section 3.3). Oxygen isotope data shows more variety with 
depth. There is no simple relationship in the combined data set between oxygen 
isotopes and depth (Figure 2. 21). However similar to the porosity data, different 
relationships can be found within individual wells. 
2.3.2.1: Well 23126a-13 
Well 23/26a-13 the shallowest well in the study, covers the depth range 1857-2080m 
(Figure 2. 21- Figure 2. 23). 6 180910 PDB values in this well range between -55roo at the 
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top of the well to —7.857oo at the base of the well. There is a weak correlation between 
oxygen isotope values and depth in this well (R2= 0.4936) (Figure 2.22). 
The step effect present within the porosity data is not mirrored in the oxygen 
isotope values in this well. The step in porosity data from 15-277oø occurred 
between 1956 and 1970m (Figure 2. 13). At this depth there is no change in the 
oxygen isotope values (Figure 2. 23). The absence of a change in 6 180PDB5VOO values to 
mirror the porosity values suggests that the low porosity values at 1970m in Well 
23/26a-13 are facies related and not due to variations in the amount of cement. Low 
porosity values present at the base of Well 23/26a-13 are mirrored in increasingly 
negative 6 180 PDB%O values (Figure 2. 23), suggesting that the reduction in porosity 
at the base of Well 23/26a-13 is attributed to increasing cement content rather than to 
a change in facies. Thus, there is a systematic trend of reduced porosity with depth, 
due to increased quantities of cement. 
2.3.2.2: Well 23126a-12 
Well 23/26a-12 covers the depth range between 2171m and 2236m (Figure 2. 21 and 
Figure 2. 24). 6' 80%o PDB values in this well have a narrow range between -5%'o at 
the top of the well to -6.69'oo at 2226m (TVD). There is no correlation between porosity 
values and oxygen isotope values in this well (Figure 2. 24). High porosity readings 
between 2182-2187m (Figure 2. 14) are not mirrored by more positive isotope 
readings suggesting that the porosities are due to facies variations and represent a 
reworked pelagic gravity flow sequence. There is no evidence of a step in the oxygen 
isotope values in this well again suggesting that the step in porosity within this well 
2203m may be attributed to facies variations. The low porosities at the base of the Tor 
Formation within Well 23/26a-12 are not mirrored by negative isotope values 
suggesting that this reduction in porosity may be attributed to a transition between 
Tor and the underlying Hod formation rather than diagenesis. 
2.3.2.3: Well 23/26a-13z 
Well 23/26a-13z is the deepest well and covers depths between 2487 and 2598m 
(Figure 2. 21, Figure 2. 25). There is no correlation between oxygen isotope values 
and depth within Well 23 / 26a-13z, which is consistent with the lack of correlation 
between porosity and depth within Well 23/26a-13z. Well 23/26a-13z has a few 
slightly more positive 6 180% PDB than the values in the shallower wells. This is the 
opposite of the expected trend. It also contradicts the low porosity values in Well 
23/26a-13z and petrographic studies that provide evidence that the low porosities 
are attributed to increased cementation. However this lack of negative &O data may 
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be due to sample limitation, or evidence of a rock dominated system where any 
depth temperature fractionation of the oxygen isotope data has been overprinted by 
the dominant rock value. The result of this is that the values of the precipitated 
cement are close to that of the initial rock value (-17o Cretaceous seawater). This 
pattern has been observed in depth trend within the Austin Chalk, Texas, 
(Czerniakowskj, Lohmann and Wilson, 1984). 
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Depth related variations in d' 3C In Wells 13,12 and 13z 
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Figure 2. 20: Graph illustrating the relationship between whole rock 6 13C % (PDB) and 
true vertical depth (TVD). There is no relationship between and depth in the combined 
data set. The trend to lower 6 13C at the base of Well 23/26a-13 are mirrored by 
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Depth related variations in d 180 in Wells 13,12 and 13z 
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Figure 2. 21: Graph illustrating the relationship between whole rock 6160% (PDB) and 
true vertical depth (TVD). There is no relationship between and depth in the combined 
data set. The trend to lower 6180 values in at the base of Well 23/26a-13 are mirrored by 
decreasing values in 6 13C at the same depth and suggest a chemically open system at 
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Large scale, depth related variations In dO in Well 13 
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Figure 2. 22: Graph illustrating the relationship between whole rock 8 180% (PDB) and 
true vertical depth (TVD) in Well 23/26a-13. There is a weak correlation between ôO % 
(PDB) and depth. 
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Small scale depth related variations in d 180 in Well 13 
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Figure 2. 23: Graph illustrating the relationship between whole rock 6180%0  (PDB) and 
true vertical depth (TVD) in Well 23/26a-13. The step effect present within the porosity 
data Is not mirrored in the oxygen isotope values in this well. The absence of a change 
in 6190  values to mirror the porosity changes suggests that the low porosity values at 
1970m In Well 23/26a-13 are fades related. Low porosity values present at the base of 
Well 23/26a-13 are mirrored in increasingly negative 8180%0  PDB values suggesting that 
the reduction in porosity at the base of Well 23/26a-13 might be attributed to increasing 
cement content rather than fades changes. Red circles show features of interest within 
the porosity data set. 
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Figure 2. 24: Graph illustrating the relationship between whole rock 6180%  (PDB) and 
true vertical depth (TVD) In Well 23126a-12. The range of 60% (PDB) values Is narrow 
in this well and no trend with depth exists. Variations in porosity within this well are 
not mirrored in the 6180 (PDB)%O values suggesting that these variations were due to 
fades changes rather than diagenesis. Red circles show features of interest within the 
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Figure 2. 25: Graph illustrating the relationship between whole rock ôO% (PDB) and 
true vertical depth (TVD) in Well 23/26a-13z. There is no correlation between oxygen 
Isotope values and depth within Well 23126a-13z, which is consistent with the lack of 
correlation between porosity and depth within Well 23/26a-13z. Well 23/26a-13z has 
slightly more positive 6 110%. PDB than the values in the shallower wells. This is the 
opposite of the expected trend. It also contradicts the low porosity values in Well 
23126a-13z. 
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2.3.3: Discussion of bulk rock isotope trends 
Within all three wells studied Well 23/26a-13 (the shallowest well) exhibits the most 
significant correlations between oxygen isotope data and depth due to diagenesis. 
The deeper buried flank well, 23 / 26a-13z, did not exhibit any correlation between 
oxygen isotope data and depth. The oxygen isotope value of the parental fluid 
responsible for the precipitation of the matrix cement can be determined using an 
equilibrium fractionation diagram (Figure 2. 26). The oxygen isotope value of 
precipitating cements reflects the value of the parental water it is precipitating from, 
and the temperature at the time of precipitation (determined from an established 
burial curve on Machar, Figure 5. 5). During the Cretaceous until the early Miocene 
the chalk remained above 500m. This burial depth equates to 17.5°C using the 
geothermal gradient of the North Sea (35 0C). An additional temperature due to the 
thermal properties of the salt must be added to this temperature to reflect the true 
temperature at the time of cement precipitation. Today the thermal anomaly of the 
salt is 30°C, we have no reason to believe why this temperature was different in the 
past, giving a true temperature at the time of cementation to be 47.5°C. In a 
chemically closed system or one with high rock-water ratio the initial oxygen isotope 
value of the pore fluid should be close to Cretaceous seawater -l%o  SMOW 
(Shackleton and Kennet, 1975), as diagenesis continues in a system with a high rock 
water ratio the 6 180%o SMOW values of the parental fluid will be shifted to more 
positive values. This result is displayed in Figure 2.26. 
The predicted composition of the parental fluids from the bulk rock oxygen 
data are between —1 and +1 %o SMOW. It is important to remember that these results 
are bulk rock samples. Generally the isotopic composition of precipitated cement will 
depend on the thermal gradient imposed and the isotopic composition of the 
formation water. If the precipitated cement is in equilibrium with the parental fluid 
and temperature this should lead to isotopically lighter oxygen isotope compositions 
with increasing depths of burial (Scholle 1977, Jorgensen, 1983). A whole rock sample 
will include the newly precipitated cement and the pre-existing carbonate causing a 
buffering effect to more positive 6 180. On Figure 2. 26 a precipitated cement, that was 
not buffered by the pre-existing matrix, with a more negative isotope ratio, say -11 910'0 
6180 SMOW would have precipitated from a more negative parental fluid, between 0 
and —29vo' 6'80 SMOW. This suggests that that the more positive predictions for the 
parental fluids responsible for the precipitation of cement, based on the whole rock 
data, of +1 %o SMOW, may be misleading. It is more likely that these cements 
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Cretaceous seawater value -1%o SMOW (Shackleton and Kennet, 1975) in a high rock: 
water system at temperatures below 50°C, equating to less than 500m burial as 
predicted by the established burial curve (Figure 5. 5) 
Equilibrium oxygen isotope fractionation relationships of matrix cements. 
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Figure 2. 26: Diagram illustrating the oxygen isotopic composition results of the chalk 
matrix. The fractionation of oxygen isotopes between water and calcite (in equilibrium) 
as a function of temperature is shown. The fractionation curves are based on the 
equation of O'Neil et al. (1969). The average of ôO PDB measured values of calcites 
from bulk rock data in the matrix are used with predicated temperature of diagenesis 
from an established burial curve, in order to calculate the 6180%  SMOW of parental 
fluids. The 6O values for the fluids responsible for the matrix cement can be obtained 
from the water composition lines within individual boxes. The values between —1 and 
+2 correspond to Cretaceous seawater, and a shift of this initial water to more positive 
6180% SMOW values in a high rock: water system. 
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2.4: Discussion: Machar porosity in a regional context 
A trend of porosity reduction with depth exists within each sedimentary facies. This 
is an expected trend and one, which has been highlighted within the literature since 
the late 1970's. However in order to fully understand the diagenesis of the chalk the 
diagenetic history of the Tor Formation from the Machar structure must be compared 
and contrasted with other chalks. The first possibility is that diagenesis of the Tor 
Formation on Machar is similar to diagenesis in 'normal chalks'. The other possibility 
is that diagenesis on Machar has followed the route of other producing North Sea 
chalk reservoirs in that predicted porosities are higher than 'normal chalks' due 
either to the onset of overpressure, or the migration of hydrocarbons while the chalk 
was still relatively shallow <800m, or a combination of both. Figure 2. 27, adapted 
from Mallon and Swarbnck (2002) shows a porosity reduction profile for carbonate 
oozes and chalk in non-reservoir "normal' chalks of the Central North Sea. The 
Mallon and Swarbrick profile is superimposed on the Machar porosity profiles in 
Figure 2. 28. It is clear that, porosity values for the Tor Formation on the Machar field 
are enhanced relative to the porosity profile of 'normal' non-reservoir chalks at the 
same depth. The porosities observed on the Machar field equate to a chalk buried to 
just below 1000m (as predicted by the oxygen isotope ratios). Note that from 
calculations using Temispack basin modelling package, Mallon and Swarbrick have 
calculated the onset of overpressure within the Central North Sea (where Machar is 
located) at 1500m, using data from 'normal chalks'. It is clear that the Machar 
porosities were preserved from a depth of bOOm, consistent with depth estimations 
from the oxygen isotope data. This is before the predicted onset of overpressure 
within the Central North Sea. Therefore it is difficult to explain the porosity 
preservation on Machar from overpressures. It is more likely that these chalks have 
elevated porosities for their given depth due to shallow oil charge into the chalk 
when the chalks were at a depth of approximately 1000m. Figure 2. 29 illustrates the 
Machar porosity profile relative to other porosity profiles, some experimental, some 
from real data on a host of chalks worldwide. Maximum porosities in reworked 
pelagic deposits, within the Tor Formation on Machar are situated to the right of the 
normal chalk profiles deduced by Scholle and Sorensen. Other chalk fields situated 
to the right include the producing North Sea chalks of Ekofisk, Hod, Dan and 
Vaihall. The Machar porosities are slightly lower than the other North Sea producing 
chalk reservoirs, but higher than 'normal porosity curves'. The variations in 
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Figure 2. 27: Diagram from Mallon and Swarbrick 2002: Porosity reduction profile for 
carbonate oozes and chalk in non reservoir chalks of the Central North Sea. The onset 
of overpressure at 1500m depth has been calculated using Temispack basin modelling 
package. A number of chalk wells from the Central North Sea 930/11, 30/7, 30/8, 30/12 
and 30/17) were used in calculating this depth. The depth value of 1500m is equivalent 
to a burial age of 24Ma, coincident with an Increase in the rate of sedimentation at the 
top Oligocene-base Miocene (Mallon and Swarbrick 2002). 
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Figure 2. 28: The Mallon and Swarbrlck (2002) porosity profile is superimposed onto 
the porosity data from the Tor Formation on Machar. Porosity values from the Tor Fm 
from the Machar field are enhanced relative to the given depth. The porosities values 
are characteristic of chalks buried to a depth of 1000m (before the onset of 
overpressure In the Central North Sea). The preservation of porosities on the Machar 
structure has been attributed to a shallow oil charge before the final movement of the 
salt in the Miocene. The pink points represent Well 23126a-13, Blue 23/268-12 and 
yellow 23/26a-13z. 
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Figure 2. 29: Diagram from Mallon and Swarbrick 2002: Experimental and real data 
showing variety of chalk porosity depth trends. The Machar porosity profile has 
enhanced maximum porosities (reworked pelagic chalks) when compared to the 
'normal' chalk porosity curves of Scholle (1977) and Sorensen et al, (1986). However it 
has slightly lower porosities when compared with other North Sea producing 
reservoirs of Hod and Valhall and Dan. The enhanced porosities in all the North Sea 
reservoirs when compared with 'normal chalk' curves Indicate that charge of 
hydrocarbons when the chalk was at <1 km burial helped to preserve porosity. The plot 
Is based on Scholle (1977) with data from Childs and Reed (1975), D'Heur (1984), 
Jensenius (1987), Norbury (1987), Scholle and Halley (1985), Scholle eta!, (1998), and 
Sorensen et aL, (1986). The pink points represent Well 23126a-13, Blue 23/26a-12 and 
yellow 23/26a-1 3z. 
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This chapter will discuss the different types of fractures present within the Tor 
Formation. The fractures have been subdivided through petrographic observations 
and the relationships between fractures and stylolites. The mineralogy present 
within the fractures will be discussed. Fluid inclusion studies on the cements within 
individual fractures combined with stable (6 13C and 6' 80) and radiogenic isotope 
("Sr/'Sr) data are presented and will constrain the origin of the fluids responsible 
for fracture cement precipitation. 
Introduction 
A number of key articles exist on the timing and mechanism of fracture development 
and healing of fractures in North Sea Chalks; Watts, 1983; Taylor and Lapre, 1987; 
Jensenius, 1987, Jensenius et al., 1988; Jorgensen, 1987; Jensenius and Burruss 1990 
and Egeberg and Saigal, 1991. Two common conclusions, producing two lines of 
thought exist within the above-mentioned articles. Camp 1; which the author has 
termed; The Scandinavian camp (including Watts, 1983; Taylor and Lapre, 1987; 
Jensenius, 1987, Jensenius et al., 1988; Jorgensen, 1987; Jensenius and Burruss 1990), 
concludes that healing of fractures, within the chalk fields studied (often above salt 
domes), occurred during an episode of ascending hot water, explaining higher than 
expected fluid inclusion temperatures and negative oxygen isotope data, relative to 
the matrix, measured within calcite fracture fills. Camp 2: which the author has 
termed The Egeberg and Saigal camp, proposes that a semi-closed diagenetic system 
is sufficient to produce fracture cementation, derived from pressure solution within 
the chalks. To account for the negative isotope data measured within fracture filling 
calcite (-12.7 to —8.5%, PDB), it was proposed that calcite from the chalk matrix 
dissolved congruently and cement precipitated with the isotopic ratio governed by 
the geothermal gradient. 
The concentration of articles on the chalk diagenesis and fracture healing 
within the Norwegian and Danish sectors of the North Sea is a sharp contrast to lack 
of enthusiasm and research on the UK sector chalks. True, that the chalk discoveries 
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are considerably less in the UK sector (see Chapter 5, for further discussion on this 
point), they are not, however absent. Emery and Robinson (1993) and Maliva et al., 
(1995), are to be credited for attempting to rectify the situation. These authors 
provide a detailed discussion of the diagenesis of the chalk on the Machar field. The 
data presented within these two papers is essentially the same (see discussion 
chapter), an extensive data set of homogenisation temperature measurements, and 
final melting ice temperatures are combined with stable and radiogenic data. Both 
articles conclude that during fracture diagenesis an external source of fluid entered 
the reservoir; 'fracture-filling cements in the Machar field precipitated in a diagenetic 
system with a high water rock ratio, from a pore fluid with 6 180 SMOW values 
between —0.5 and 1.9%' (Maliva et al., 1995). Emery and Robinson (1993), agree with 
the Maliva et al., (1995) findings and suggest that the wide ranges of homogenisation 
temperatures, measured within aqueous fluid inclusions, combined with evidence 
for external sources of strontium and carbon and the presence of petroleum during 
mineral growth all point to important convection systems active during fracture 
filling, which probably occurred during oil charge to the reservoir. The two studies 
by Maliva et al., (1995) and Emery and Robinson (1993) provide an excellent insight 
into the diagenesis of the Machar fractures, however detailed fracture subdivisions 
(Emery and Robinson do subdivide calcites), and description of relative fracture 
formation in relation to the structural history of the field is not presented. Additional 
mineral cements within the fractures are ignored, and the Sr isotope data from the 
two reports is contradictory. Maliva etal., (1995) determine the mean'Sr /'Sr ratio of 
12 fracture filling calcite cements from Well 23/26a-13 at 0.70773. They concluded 
that latest Cretaceous-earliest Tertiary seawater had a similar 'Sr/Sr ratio of about 
0.7077 (Burke et al., 1982; McArthur et al., 1992), suggesting that the Machar field 
fracture calcites derived their Sr largely from the host rock. In comparison Emery 
and Robinson (1993) found that a particular calcite (Calcite T- see Chapter 1), had 
variable Sr/"'Sr  ratios, including some relatively radiogenic values as high as 
0.7083, indicating an external source for Sr. The discrepancies between these two 
articles and the lack of detailed subdivision of the fractures and other mineral 
present within the fractures has led to the reinvestigation of fracture diagenesis 
within the Tor Formation on Machar, presented within this chapter. 
The Machar field is located in the Central Graben of the North Sea 250km east 
of Scotland (Figure 3. 1). There are three principal formations within the chalk on the 
Machar field (Ekofisk Tor and Hod) (Figure 3. 2). Samples for this study were 
obtained from the Tor Fm due to its homogeneity, reservoir properties and density of 
fractures. Samples were taken from two wells on the Machar structure Well 23/ 26a- 
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13, (crestal) and Well 23/26a-13z an offshoot of Well 13 that penetrates the NW flank 
of the diapir and (Figure 3. 3). Fracture samples were obtained whenever possible. 
The two Wells 23/26a-13 and 13z were chosen for these reasons: 
They both contained entire logged successions coupled with geophysical and 
sediment/ diagenetic data. 
The wells sampled the crest and the flanks of the diapir enabling a comparison 
into fracture type and concentration, between the crest and flanks of the structure. 
The wells contained chalk above and below the oil water contact (OWC -2200m, 
Well 13 and 2600m Well 13z), enabling a comparison on the effects of the oil 
emplacement on the fracture diagenesis (Figure 3. 4). 
Well 23!26a-13 was also used in the previous studies by Maliva et al., (1995) and 
Emery and Robinson (1993). Data used within these studies from this well could be 
incorporated into this study. 
The Tor Formation was identified in both wells through core photos and geophysical 
data. Samples were obtained from the core where fractures existed. Stylolites 
samples were also obtained (Section 3.1.1). 
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Figure 3. 1: The Machar field is located in the Central Graben of the North Sea 250km 
east of Aberdeen. The field Is situated within Block 23/26a, in the Eastern Trough area 
and is wholly owned by BP (diagram from Baustad et aL, 1993). 
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Figure 3. 2: Log of Machar Core, Well 23/26a-13. The Tor Formation is the middle of the 
three chalk groups, the most homogeneous and the most productive reservoir on the 
Machar field (Diagram from Foster and Rattey, 1993). 
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Figure 3. 3: Diagram of the Machar structure showing the different stratigraphic units; 
salt, caprock, Hod, Tor, Ekofisk and Paleocene sandstone. The location of Wells 
23/26a-13 and 13z is also highlighted (Diagram form Baustad etal., 1993). 
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3.1: Pressure solution and Fracturing in the Tor Fm. 
Fractures filled with cement, small open hairline fractures/ joints, zones of brittle 
deformation, and stylolites are all abundant in the cores drilled from Wells 23/26a-13 
and 13z. A brief description and subdivisions of these features is given. 
3.1.1 :Stylolites and residual seams 
Stylolites are the result of pressure dissolution localized along surfaces that show a 
characteristic saw tooth profile, and an interdigitating cone like form in three 
dimensions, common in, but not restricted to, carbonate rocks. Teeth and cone axes 
of the stylolite are aligned parallel to the direction of greatest principal stress (o 1) 
(Watts, 1983) (Figure 3. 5). There are two principal types of stylolites within the 
Machar core: bedding parallel stylolites and tectonic stylolites (often called 
transverse stylolites or layer parallel shortening stylolites within the literature) 
(Figure 3. 6 and Figure 3. 7). Both sets of stylolites are observed throughout the core 
at all depths, with the exception of the notable absence within the top IOM of Well 13 
(Figure 3.8). The insoluble residues, which remain in the pressure-solution bands of 
stylolites and residual seams, can severely inhibit vertical permeability (Ky). 
Conversely, it is evident in the Tor reservoir that some stylolites were conduits to 
fluid flow, with the close association between fracture filling calcite, saddle dolomite, 
barite, celestite, fluorite and tectonic stylolites (see section 3.2.5 on Fracture Type 3). 
Pyrite and dolomite rhombs are also associated with stylolites (section 3.2.6 and 
3.2.7). The stylolites may have acted as nucleation sites to these minerals due to the 
high levels of insoluble elements, such as iron, within the seams (Braithwaite, 1989). 
These minerals post date stylolite creation (no dolomites partially dissolved by 
stylolite teeth were found). In general stylolites are considered to have a negative 
effect on the porosity of a carbonate reservoir, however enhanced porosity within the 
matrix at the edges of many bedding stylolites examined within the Tor Formation 
on Machar was a common feature (Figure 3. 9). Where tectonic stylolites acted as a 
conduit to fluid flow enhanced porosity close to the stylolite edge was noted, due to 
the corrosive nature of the fluid. 
3.1.2: Bedding parallel stylolites 
Bedding parallel stylolites are found throughout the core in both wells, examples are 
illustrated in Figure 3. 6. At the top of well 13 between 1910 and 1965m (core depth) 
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bedding stylolites are of a very low frequency (Figure 3.8). With this exception there 
exists no obvious correlation between frequency of stylolites and depth (Davison, 
2000 Figure 3.8) Bedding parallel stylolites form more than 80% of the stylolite 
population. These stylolites develop during burial by chemical compaction due to 
vertical loading; the teeth of the stylolites develop vertically and run parallel to the 
direction of maximum stress created by loading. Variations in dip of the Machar 
stylolites suggest that they initially formed horizontally due to vertical loading and 
were later rotated due to salt diapirism. Their development was initiated before the 
onset of tectonic stylolitisation and consequently the bedding parallel stylolites are 
often seen being cross cut by tectonic stylolites (Figure 3. 7). 
3.1.3: Tectonic stylolites 
Tectonic stylolites cross cut the bedding surface and bedding stylolites. The tectonic 
stylolites are orientated at high angles to the bedding stylolites generally between 30 0 
and 450 (Figure 3. 7) Their orientations are not consistent (Figure 3. 7) and may be 
seen cross cutting each other. Tectonic stylolites are believed to have formed during 
shortening under tectonic stress and were probably initiated perpendicular to the 
maximum compressive tectonic stress during tectonic compression on the reservoir 
rocks (Ramsay and Huber, 1983; Van Geet et al., 2002). 
3.1.4: Residual seams 
Residual seams have been classified in this study as zones with a high density of 
insoluble material (usually clay, silicates and organics) more than 5mm in thickness. 
Layering and lamination can be identified within these mud rich zones and the 
surfaces are often undulating (Figure 3. 10). Development of dissolution seams in 
carbonates has been well documented in the past (Lind, 1993; Hill, 1987). As pressure 
dissolution continues during burial, neighbouring stylolites are brought together. 
Adjacent stylolites can eventually merge and form seams of stacked individual 
stylolites with small amounts of undissolved carbonate in-between. Davison et al., 
(2000) undertook a detailed study of pressure solution on the Machar field. He 
concluded that a considerable amount of material was removed from the Machar 
chalks due to pressure solution. The average thickness loss on Machar was 46-547c, of 
the original chalk (Davison et al., 2000). This figure suggests that in the past the 
Machar chalk was stratigraphically twice as thick as it is today. However little 
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evidence exists within the field that so much calcium carbonate has been dissolved. 
Much of the field still has porosity values close to 30%. 
As an alternative explanation I suggest that the residual mud rich layers in 
stylolites, may represent a combination of clay rich material from a terrestrial source 
deposited within the chalk during sedimentation (in support of Lind 1993), with its 
concentration enhanced by pressure solution. Variable, bedded, terrestrial derived 
material in the chalk is not uncommon and is clearly illustrated when comparing the 
Ekofisk Formation with the Tor Formation. The Ekofisk Fm contains much less 
calcium carbonate than the Tor Formation (Figure 3. 11) and appears to be inter-
bedded with substantial clay rich layers. It may be that the clay and silica rich 
residual layers represent sedimentary layers, which have been merged together 
during progressive pressure dissolution. Further evidence to support the possibility 
that residual seams are a combined feature, exists within the amplitude of the 
stylolite teeth. As a rule increased pressure dissolution should result in increased 
stylolite amplitudes (Davison et al., 2000). Such a feature does not appear in the 
residual seams within the Tor Fm. 
If residual seams were a combination of original sedimentary deposition and 
pressure dissolution it would remove the need for vast amounts of dissolved 
carbonate to be removed from the chalk system, as proposed by Davison et al., 2000. 
Consequently, calculations of vertical reduction of thickness of chalks, based on 
residual seam thickness must either, consider and account for depositional variations 
in clay bedding such as seen within the Ekofisk formation, or risk being 
fundamentally flawed. 
3.1.5: Tension fractures 
Open tension fractures show no evidence of shear movement (Figure 3. 12). The 
fractures classified under this category are small (<2mm diameter) open hairline 
fractures devoid of cement (Figure 3. 13). They formed as extension or tensile 
fractures normal to the least principal stress axis o3 (Hancock, 1985). The fractures 
are predominantly perpendicular to bedding. The volume of open hairline fractures 
is highest in the fine-grained chalks of Well 23/26a-13z. 
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3.1.6: Zones of high intensity brittle deformation 
Such zones exist within the Tor Formation in both Well 23/26a-13 and 13z. There are 
two main types of deformation zones (Figure 3. 14). Conjugate fracture zones; found 
between tectonic stylolites and residual seams represent zones of intense 
deformation and fracturing. The fractures within these zones formed features 
parallel and sub-parallel to bedding. Conjugate fracture zones are often associated 
with tectonic stylolites and it is likely that they formed at a similar time to tectonic 
stylolites (Figure 3. 14). The second type of intense deformation feature is a rubble 
zone common towards the top of Well 23/ 26a-13. These zones are full of open voids 
sub parallel to bedding. Rubble zones formed before tectonic fracturing, as tectonic 




Figure 3. 5: Diagram summarising the conditions under which stylolites form. The teeth 
and cones of the stylolites are aligned parallel to the direction of greatest principal 
stress al. (Watts 1983) 




Figure 3. 6: Examples of bedding parallel stylolites from Well 23/26a-13z depth 2789-
2702m (core depth) The scale bar on the left is divided into cm boxes represented by 
alternating black and white squares. (BP core photos) 
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Figure 3. 7: Tectonic stylolites offsetting bedding stylolites (Well 23/26a-13z 2687m). 
The tectonic stylolites form at high angles to the bedding stylolites in different 
orientations. The scale bar on the left is divided into cm boxes represented by 
alternating black and white squares. (BP core photos) 
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Figure 3. 8: Summary core logs of zones of interconnected open fracturing and 
stylolite/ dissolution residual seam development in the Tor Fm. The length of the bars 
in the residue seam columns is proportional to the thickness of the seam. Note the low 
density of stylolites/dissolutlon seams at the top of Well 13 and the increase in 
stylolites at the base of Well 13 and in Well 13z within the Hod Fm. (Diagram modified 
from Davison etal., 2000). 
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Figure 3. 9: SEM backscatter image of a tectonic stylolite at the contact between a 
calcite fracture and the matrix within the Tor reservoir at core depth of 2049m. Note 
that porosity increases in the matrix towards the edge of the stylolite. 
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Tectonic stylolites with calcite 
fracture fill 
Residual seams with 
internal layering 
Figure 3. 10: Residual seams defined as zones with a high density of insoluble material 
more than 0.5cm in thickness. Above left Well 23/26a-13z at 2759m-core depth. Above 
right Well 23126a-13 1977.50m core depths. Note the variations in angles of residual 
seams between the crestal core (1977.50m) and the core from the flank (2759m). Scale 
bars divided into cm boxes represented by alternating black and white squares (BP 
core photos) 
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Figure 3. 11: Core photos from Machar illustrating the variations in calcium carbonate 
concentrations between the Tor and Ekofisk formations. The Tor Fm (right) 2691-
2693m (core depth) contains a much higher percentage of calcium carbonate than the 
Ekofisk Fm (left). The Ekofisk Fm 2662-2664m (core depth) comprises of chalk 
interbedded with clay rich layers. Both cores are from Well 23-26a-13z. Scale bars 
divided Into cm boxes represented by alternating black and white squares (BP core 
photos) 
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Figure 3. 12: Small open hairline fractures forming a conjugate set. These fractures are 
a late feature within the reservoir and crosscut bedding stylolites, tectonic stylolites, 
and some fracture fill calcites. These open fractures formed during extension. The 
scale bar on the left is divided into 1cm boxes represented by alternating black and 
white squares. Well 23/26a-13 2726.50m (core depth). 
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Figure 3. 13: Small open hairline fractures (Blue dye) from the teeth of a tectonic 
stylolite into the matrix. The fractures appear to be cross cut at the stylolite but in fact 
they simply terminate there. Each fracture on either side of the stylolite is a separate 
feature. The open fractures can also be seen cutting through the vein filling calcite. 
Well 23126a-1 3 2049m (core depth). 
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Figure 3. 14: (Right) Conjugate Fracture zone displaying brittle deformation. The zone 
is parallel/sub-parallel to bedding (note bedding parallel stylolite at top of the zone). 
The internal fractures are both parallel and perpendicular to bedding (Well 23/26a-13z 
1942m (core depth)). (Right) Intensely Brecciated zone from the crest of the diapir note 
rubble zones and open voids (Well 23/26a-13 1942m (core depth)). A tectonic fracture 
can be seen cutting through the zone. Scale bars: divided into 1cm boxes represented 
by alternating black and white squares. 
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3.2: Cement filled Fracture Petrography 
Several generations of cemented fractures were identified within the Tor Formation 
of the Machar field based on core observations, cross cutting relationships, and 
petrographic characteristics in Wells 23/26a-13 and 13z (Figure 3. 3). Fracture 
occurrence with respect to stylolitisation is the most defining factor for classification 
of the fractures. Four fracture types were identified within the Tor Formation, within 
Wells 23/26a-13 and 13z, through their association with stylolites. Calcite is the 
dominant fracture filling cement. Fracture development, within the Tor Formation, 
fill and subsequent alteration is described in this section in a paragenetic sequence. 
3.2.1: Materials and Methods 
Fracture samples were selected from cores of the Tor Formation, within Wells 13 and 
13z. Polished thick (150gm) sections were prepared for petrographic analysis. Thick 
section stubs were impregnated with blue-dyed epoxy resin prior to mounting on the 
glass slide to enable direct differentiation between cement and porosity. The sections 
were examined for fracture cements and micro-textures in order to establish a 
paragenetic sequence. The petrography was examined using standard reflective and 
transmitted microscopy. A Cathodoluminescence (CL) microscopy study was 
undertaken using a cold cathode instrument (Technosyn 8200 Mk II) at the 
University of Barcelona. Photographs were taken on Fuji Film professional slides 
400ASA, with time of exposure between lOsec and 2mins. 
CL uses an electron beam to bombard a mineral sample to activate emission 
from trace elements in the mineral structure. The cold cathode chamber is used with 
a binocular microscope and a normal film camera. The differences observed in 
luminescence colours allow detection of mineral species and composition zones 
difficult to separate visually by normal polarised light microscopy. Trace elements 
affecting CL can be grouped either as activators, or quenchers (Machel, 1985). For 
calcite the chief activator is manganese, and the chief quencher is ferric iron, 
although other trace elements such as rare earth elements can play significant roles 
(Machel, 1985). Description of the CL signature has evolved to discrimination as 
either non-luminescence, intrinsic blue, dully luminescence red/ orange, or brightly 
luminescent orange/yellow. Dull luminescence colours will correspond with high 
proportions of iron while brighter luminescence will represent increasing 
proportions manganese in carbonates (Meyers 1974). 
A Scanning Electron Microscopy study was also preformed on the samples, at 
the University of Edinburgh, using a Phillips XL30CP with PGT spirit X-ray analysis 
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and HKL Channe15 Electron Backscatter Diffraction (EBSD) systems. Samples were 
carbon coated prior to use. Scanning Electron Microscopy (SEM) uses a focused 
electron beam to scan small areas of solid samples. The Backscatter Electron (BSE) 
mode was used frequently during the fracture study. Backscatter electron imaging is 
a useful tool in distinguishing one mineral from another. BSE allows different 
materials with different average atomic numbers to be imaged as different greyscale 
contrasts. Since the yield of the collected backscatter electrons increases with the 
specimen's average atomic number. Backscatter imaging can distinguish elements 
with atomic differences of >0.1. The PGT Spirit system attached to the SEM at 
Edinburgh University allows the measurement of characteristic X-rays, generated by 
the scanning beam. The instrument can utilize these signals for compositional 
analysis of microscopically small portions of the sample. 
3.2.2: Sub Division of Fractures/Calcites 
Fractures were identified through core observations, cross cutting relationships, and 
petrographic characteristics. The association of fractures with either bedding 
stylolites or tectonic stylolites was deemed the most defining relationship. Calcite is 
the most common fracture filling cement and is present in fractures throughout the 
Tor Fm cores of Wells 23/26a-13 and 13z in both the water and oil legs. Different 
types of calcites have been difficult to discriminate consistently due to similar 
cathodoluminescence. Consequently, subdivision of calcites relies on their 
occurrence within different types of fractures. 
Four separate fracture types (1-4) were identified from the petrographic 
study. Fracture Type 1, the first generation of fracturing is closely related to bedding 
parallel stylolites. Fracture Type 1, formed perpendicular to the bedding stylolite 
surface and are filled with calcite (Calcite 1). The fractures resemble tension gashes 
and are likely to have formed at the same time as the bedding parallel stylolites. 
Fracture Type 2 is associated with crack and seal textures, indicative of alternating 
episodes of fracturing and cementation of calcite (Calcite 2). Fracture Type 2, are 
often cut by tectonic stylolites indicating that these fractures, pre-date tectonic 
stylolitisation. Fracture types 3 are fractures co-existing with tectonic stylolites. The 
fractures produced are predominantly filled with calcite cement (Calcite 3). 
Petrographic evidence suggests that the tectonic stylolites opened to act as a fluid 
pathway prior to the precipitation of Calcite 3. Fracture Type 3 acts as a host to later 
diagenetic mineralisation; saddle dolomite, celestite, barite and fluorite have all been 
observed within the Fracture Type 3. Fracture Type 4 represents the last identified 
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stage of fracturing with subsequent calcite fill (Calcite 4). Fracture Types 4 are thin 
fractures (less than 5mm), of various orientations filled with calcite. No other mineral 
assemblages are associated with these fractures. Fractures types 4, have no apparent 
association with stylolites. Fracture Type 4 cross cut fractures produced during 
events 2 and 3. The characteristics of each of these fracture sub sets are described in 
the following sections. (See Figure 3. 15 for nomenclature) 
3.2.3: Fracture Type 1: Tension fractures associated with bedding 
stylolites 
Fracture Types 1 are fractures associated with bedding stylolites (Figure 3. 16 and 
Figure 3. 17). The fractures form perpendicular to the bedding stylolite surface and 
terminate at the stylolite surface (Figure 3. 16 and Figure 3. 17). This is not a cross 
cutting relationship as no offset or truncation of fracture by stylolite occurs. The 
bedding stylolite grew during horizontal loading and simultaneously to this, the 
tension fractures developed. Fracture Type 1 can be found throughout the core and 
do not have any apparent depth related trends. The fractures are filled with calcite 
(Calcite 1), which forms blocky crystals that are often twinned. Crystal sizes vary 
throughout the fracture from <1mm to 2.5mm. Calcite 1 contains no variations in 
luminescence when viewed using a CL microscope, suggesting a single fluid phase is 
responsible for the precipitation of this calcite. The luminescence colour is orange. 
Fluids associated with the fractures had a negative effect on the matrix porosity 
(Figure 3. 16). Watts (1983) described fractures; similar to those identified in this 
study as 'Fracture Type 1,' in the Albuskjell Field, North Sea and attributed them to 
tension fracturing associated with diapirism. However the fractures can occur in 
association with stylolites with no requirement for diapirism. During the process of 
stylolitisation if the fluid pressure is more than the minimum stress then tension will 
form causing extension at the tips of stylolites. (Jolly pers. comm. 2004). As a 
consequence Fracture Type 1 may not mark the on set of diapirism. 
3.2.4: Fracture Type 2: Fractures containing 'Crack Sealing Calcite': 
Fracture Types 2 are fractures containing 'Crack Seal Calcite' (Calcite 2). First 
introduced by Ramsay (1980), the essence of the crack-seal mechanism is the 
repeated formation of a crack, which is subsequently sealed by precipitation of vein 
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forming mineral within that crack. The crack-seal cycle can be repeated hundreds of 
times, typically adding about 10tm to a vein at each cycle (Fisher and Brantley 1992). 
Fracture Types 2 are often displaced and cut by tectonic stylolites and fractures 
produced during Fracture Event 4 (Figure 3. 18 and Figure 3. 19). This confirms that 
Fracture Type 2 pre dates the production of tectonic stylolites and Fracture Type 4 
within the reservoir. Fracture Type 2 is found in Well 23/26a-13 between 1930 and 
2100m (core depths). Calcite 2 is the vein-forming mineral within these fractures, and 
is present within a series of thin fractures (<0.5mm wide). These fractures combined 
to form a calcite fracture zone up to 20mm wide (Figure 3. 18- Figure 3. 20). In hand 
specimen Calcite 2 appears creamy white to grey and often contains dust trails of the 
matrix between thin veins of the calcite indicating the alternating episodes between 
fracturing and cementation. Calcite 2 has the brightest luminescence (Figure 3. 20) of 
all the calcites and contains small-recrystaflised calcite crystals, with little to no 
zoning. The crystals are anhedral, of varying sizes between 0.5-2mm, with sharp 
edges. Most crystals show at least one good straight cleavage and unit extinction. 
Some of the larger crystals are twinned >2mm, but the majority are not. There are no 
visible fluid inclusions within the crystals. These fractures are always fully healed 
with no porosity. Pyrite and dolomite have been identified in association with 
Fracture Type 2. Dolomites formed as euhedral rhombi and pyrites are cubic. 
Dolomite and pyrite both post date Calcite 2, pyrite being the last diagenetic phase 
within Fracture Type 2. Fractures produced during Fracture Types 2 were only 
observed close to the crest of the structure between 1930 and 2100m (core depths). 
This generation of fracturing probably occurred before major halokinesis, through 
early extension and doming within the chalk, hence its restriction to the crestal areas. 
3.2.5: Fracture Type 3: Fractures related to tectonic stylolites 
Fracture Type 3, corresponds to fractures associated with tectonic stylolites. These 
fractures have been noted throughout the cores of Wells 23/26a-13 and 13z (Figure 3. 
21). Stylolites bound both edges of the fractures, suggesting that the stylolites pre-
date Fracture Event 3. Where stylolites are absent, crack-sealing calcite is often 
present (Figure 3. 22). Petrographic evidence suggests that the stylolites acted as 
conducts for fluid flow, and pre-date the development of Fracture Type 3. Evidence 
to support the development of tectonic stylolites before the development of the 
fractures includes the lack of interaction between fractures and matrix, suggesting 
that stylolites acted as a seal between fracture fluid and matrix (Figure 3. 22). The 
strongest evidence in support of stylolitisation pre-dating fracture formation is the 
diagenetic alteration of the calcite precipitated within Fracture Type 3. Although 
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evidence suggests that stylolitisation pre-dates fracture development and subsequent 
calcite precipitation, there also exists petrographic evidence to suggest that tectonic 
stylolites continued to grow after the precipitation of calcite. This is displayed by the 
corrosion of the calcite crystals by the stylolite. The teeth of the stylolites are 
identified cross cutting perfectly formed calcite twinning. A petrographic description 
of the fracture filling calcite cement within these fractures is given below. Subsequent 
diagenesis and mineralization are treated as separate diagenetic events and 
described later in the section (3.2.6-3.2.10). 
The calcites associated with Fractures Type 3, (Calcite 3), form blocky twinned 
crystals that are hosted in veins up to 20mm wide, precipitated parallel to the 
tectonic stylolite. The crystal size is directly proportional to the diameter of the veins. 
In hand specimen the calcites are clear to creamy white in colour. Calcite crystals are 
euhedral, up to 5nm-i in diameter, twinned and show clear cleavages. Towards the 
edge of the fracture the crystals become smaller often <2mm in diameter. Texturally 
there is no interaction between the fracture and the matrix, with no evidence of an 
alteration zone. No zonation was identified during the CL study, suggesting a single 
fluid phase. The CL is orange yellow with only slightly brighter luminescence than 
the matrix. Lack of zonation and dull to non-luminescence are characteristic of Fe 2 -
rich burial-derived cements (Hood and Nelson, 1996). 
Dolomite rhombs can often be observed at the edges of the calcites but are 
associated with the stylolites, and not present internally within the fracture (Figure 3. 
23). Calcite crystals filling the fractures contain both aqueous, and petroleum fluid 
inclusions, of different generations, suggesting that calcite fracture filling was 
synchronous with oil charge. There is a notable variation in the diagenesis of these 
fractures between the oil and water legs of the Tor Fm. In the oil leg (above =2070M 
(core depth) in Well 23/26a-13) these fractures are filled by calcite and subsequent 
diagenesis is absent (Figure 3. 23). In the water leg (all of well 23/ 26a-13z) the calcite 
(Calcite 3), is often replaced by saddle dolomite, barite and celestite (Figure 3. 24). 
Porosity creation adjacent to the stylolites is a common in the water leg (Figure 3. 24). 
3.2.6: Fracture Type 4: Tectonic fractures devoid of stylolites 
A final stage of fracturing is identified through cross cutting relationships with 
fractures 2 and 3. Fracture Type 4 are thin fractures of various orientations, the 
calcites may cross cut each other and form fracture networks (Figure 3. 19). The 
fractures are filled with calcite (Calcite 4) and are devoid of other diagenetic cements. 
These fractures have no apparent association with stylolites. The CL study identified 
Fracture type 2 
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no zonation within these fractures; the CL colour is a dull orange, duller than the CL 
of the crack sealing calcite (Figure 3. 20). 
Tension fractures associated with bedding 
stylolites 
Fracture type 1 026, 
Calcite 1 
HA 
O - 05cm  
Fractures containing crack sealing calcite. 
Fractures related to tectonic stylolites 	 I Tectonic fractures devoid of stylolites 
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Figure 3. 15: Nomenclature used within this thesis for fractures and the related 
calcites. The large blue circles represent locations of preliminary sampling. Holes 
(Blue circles) present in the sample are from an early crude drilling experiment). 
.' . 4 
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0-05cm 	'F 
Figure 3.. 16: Fracture Type 1, tension fractures associated with bedding parallel 
stylolites. Tension fractures and tectonic stylolites are perpendicular to the bedding 
parallel stylolite. Note the decrease in matrix porosity (brown zone) at the contact 
between matrix and fracture. Sample from Well 23/26a-13z, core depth 2732m. 
Mj 












Figure 3. 17: Fracture Type 1: tension fractures associated with bedding parallel 
stylolites. Tension fractures occur perpendicular to the bedding parallel stylolite. 
Sample from Well 23/26a-13 core depth 1945m. Scale bar divided into cm represented 
by alternating black and white boxes. 
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Figure 3. 18: Fracture Type 2, fractures containing crack sealing calcite. The fracture Is 
cut and offset by a tectonic stylolite. Well 23/26a-13, 1982m (core depth). 
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Figure 3. 19: Example of Fracture Type 2, containing crack sealing calcite, being cut 
by a later fracture, Fracture Type 4. Well 23/26a-13 1979.87m (core depth) 




Figure 3. 20: CL (Left) and PPL (right) images of Fracture Type 2. The fractures contain 
crack sealing calcite: Notice how alternative episodes of fracturing and cementation 
form thin fracture veins that combine together to form a fracture zone. The crack 
sealing calcites have brighter luminescence compared to the calcite in Fracture Type 4. 
Well 23i6a-13 1979.87m (core depth) 
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i-i 1 	I 
I 
- 	 1 
- 	 I 
' lectonic stylohtes with calcite 
- 	 I 	
fracture fill (Fracture type 3) 
Figure 3. 21: Core photos illustrating close association between tectonic stylolites and 
fractures type 3. Evidence suggests that the tectonic stylolites formed first and 
subsequently opened and acted as a passage for fluids responsible for calcite 
precipitation (Left Well 23/26a-13z 2759m. Right Well 23/26a-13, 1977.60m both core 
depths). Scale bars divided into cm boxes represented by alternating black and white 
squares (BP core photos) 
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Figure 3. 22: Stylolite bounding the edges of fracture. Note at top right corner where 
stylolite is absent, then a crack sealing calcite present. Also note the lack of interaction 
between the fracture and the matrix (Well 23/26a-13, 2049.55m, core depth). 
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Figure 3. 23: Thin section scan (Welt 23/26a-13, 2032m core depth: oil leg) Illustrating 
precipitation of dolomite at the edge of Fracture Type 3 within the tectonic stylolite. 
The calcite (3) In this sample is unaltered 
Itilil 














Figure 3. 24: Thin section scan (Well 23/26a-13z, 2740m core depth: water leg) 
illustrating diagenetic replacement of initial calcite fill by saddle dolomite. Preserved 
calcite appears as grey relics within the fractures, the remaining majority of the 
fracture Is saddle dolomite. Note the creation of porosity at the edge of the fracture 
adjacent to the stylolite, this feature is absent In fractures without saddle dolomite and 
is therefore likely to have been created during the precipitation of saddle dolomite. 
Holes (Blue circles) present in the sample are from an early crude drilling experiment). 
3.2.6: Precipitation of Dolomite Rhombs: 
Dolomite rhombi are associated with Calcites 2 and 3. Dolomites take the form of 
euhedral rhombohedra in the fractures and can be seen extending into the chalk 
matrix in some samples (Figure 3. 25 a). It is the only diagenetic mineral that can be 
identified away from the fractures. Dolomites crystals are approximately 100im in 
the long axis. Cathodoluminescence observations reveal zonation in the dolomites: 
the cores are dull red luminescence and have a cortex of brighter orange 
luminescence (15tm thick) (Figure 3. 25 a and b). There is a strong association 
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between dolomites and stylolites (Figure 3. 23) indicating that dolomitisation post-
dated stylolitisation. The insoluble residue in the stylolites would be able to supply 
Mg for the dolomites to grow. The rhombic dolomites are also closely associated 
with pyrite mineralization, which appears to post-date the dolomite precipitation 
event (Figure 3.25 b and c). 
3.2.7: Precipitation of pyrite. 
Pyrite mineralization is closely associated with rhombic dolomites and is aggressive 
towards the surrounding carbonates (Figure 3. 26). Pyrite is not common but does 
occur in fractures associated with Calcites 2 and 3 post dates dolomite rhombi and 
Calcites 2 and 3. 
3.2.8: Saddle dolomite replacing calcite and filling vugs: 
Saddle dolomite occurs in Fracture Type 3 associated with tectonic stylolites, its 
frequency increases with depth and has not been identified within the oil leg of Well 
23/26a 13, above 2070m. The increased presence of dolomite in the water leg and in 
the deeper sections of the Tor Formation is suggestive of dolomitising fluids being 
sourced from below the Tor Formation. In hand-specimen the saddle dolomite is a 
creamy colour, often less transparent than calcite, with curved crystal faces and a 
smooth shiny lustre. The dolomite is distinguishable in thin section by large crystal 
sizes relative to calcite, (<200im to 2mm) and curved crystal faces (Figure 3. 27). The 
crystals with curved faces (due to deformed crystal lattice) have sweeping extinction 
and will often appear dirty due to the presence of small fluid inclusions. Saddle 
dolomite occurs after calcite precipitation in Fracture Type 3, primarily as a replacing 
phase. Evidence of its replacive form exists through calcite relics enclosed within 
dolomite (Figure 3. 24). It is also found in some places as vug filling cement. Under 
CL, saddle dolomite appears dull brown to black non-luminescent colours (Figure 3. 
28), making it very easily distinguished from calcite. 
Saddle Dolomite is usually interpreted as hydrothermal and is generally 
thought to have formed as a result of fluids less than 150°C related to hydrothermal 
activity and/or burial alteration of carbonates. Often saddle dolomite is related with 
Mississippi Valley Type (MVT) Pb-Zn ore deposits (Mache! and Mountjoy, 1986; 
Leach and Sangster, 1993). Like the dolomite rhombs, saddle dolomite is a direct 
representation of an increasing amount of Fe and Mg present in the system. The 
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precipitation of saddle dolomite is closely associated with porosity creation within 
Fracture Type 3 (Figure 3. 24 and Figure 3. 28) suggesting a corrosive nature of the 
fluid responsible form saddle dolomite mineralization or a net increase in porosity 
due to volume change. 
3.2.9: Celestite and Barite replacing calcite and saddle dolomite. 
Celestite (SrSO 4) and barite co-exist in Fracture Type 3 associated with tectonic 
stylolites. The minerals were proven on SEM-EDS. Celestite has only been identified 
within one sample within the oil leg (Well 23/26a-13, 2046.55m core depth). The 
minerals are closely associated with saddle dolomite. Barite is the more abundant of 
the two minerals. The barite is distinguishable in hand specimen from its pure white 
colour (Figure 3. 30); crystals are generally tabular often up to 2mm in size and often 
well formed. In thick section the mineral is colourless in PPL and of high 
birefringence in cross polars. In SEM backscatter it appears as white on the greyscale 
background (Figure 3. 31). Barite is readily distinguishable under CL by its blue-
purple luminescence that fades rapidly (Figure 3. 32). Celestite is distinguishable 
from barite in these samples, due to its crystal form; crystals take the form of acicular 
single needles, rarely forming inter-growing radiating crystals (Figure 3. 33). The 
crystals are less than 3mm in length. The celestite is distinguishable under CL by its 
purple/ blue luminescence, which also fades rapidly. 
3.2.10: Fluorite replacing celestite, barite and saddle dolomite: 
Fluorite present in Fracture Type 3 in association with tectonic stylolites is the last 
diagenetic mineral phase identified within the fractures. The mineral is most readily 
identified under CL and has a sharp blue luminescence colour. In hand specimen the 
mineral is bright white and is colourless under transmitted light. The mineral only 
occurs with barite and celestite, and it is seen to replace both minerals (Figure 3. 31 
and Figure 3. 32). 
3.2.11: Development of open tension fractures: 
Small hairline fractures with open porosity (Figure 3. 12 and Figure 3. 13) cross cut 
the calcite fracture fills and hence postdate the cementation events. For these 
fractures to remain open they must have sufficient shear strength to resist the 
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outwards horizontal stress resulting from burial diagenesis (Bjorlykke 1994). These 










Dolomite A Dolomite  rhomb 
Figure 3. 25: a: CL photo of Dolomite rhombs extending into the matrix, notice the dull 
red core and bright orange cortex. (Well 23/26a-13, 1982m core depth). B: (Top right) 
SEM backscatter, photomicrograph of a single dolomite rhomb. Notice the zonation 
throughout the well-formed crystal. The bright mineral in the centre of the crystal is 
pyrite replacing the rhombic dolomite (Well 23/26a-13z 2741m core depth). C: CL (left) 
and PP (right) microscopy pictures of dolomite and pyrite associated with crack seal 
calcite, Calcite 1, (Well 23/26a-13, 1982m core depth). Pyrite appears to be corroding 
the initial calcite and to a lesser extent dolomite. 
Calcite 	Pyflte-- 	' 
Oolomite rhomb 
Figure 3. 26: Pyrite and dolomite present within a fracture dominated by Calcite (Well 
23/26a-13, 1978m, core depth). Notice the dissolution of calcite surrounding the pyrite 
grains due to the aggressive nature of the fluid responsible for pyrite precipitation. 
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Figure 3. 27: Reflected light PPL photograph of a saddle dolomite crystal showing 
curved crystal face. The curvature exists due to deformation in the crystal lattice 
during crystal formation and is a distinguishing feature of saddle dolomite. Well 





dolomite - OOirT 
Figure 3. 28: CL (left) and PPL photograph (right) of saddle dolomite, calcite and 
dolomite rhombs. Saddle dolomite exhibits non-luminescence colours and is believed 
to have replaced calcite and to a lesser extent the more resistant dolomite rhombs. 
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rix Saddle dolomite. replacing calcite 
Saddledolomite 
- 
Calcitevein 	• 	.,.. - 
	vi, 	 , 
: 
'S e
matrix '  
Figure 3. 29: Saddle dolomite: SEM backscatter Image of saddle dolomite associated 
with Fracture Type 3 and tectonic stylolites. The dolomite Is seen replacing Calcite 3. 
The saddle dolomite corrodes the calcite towards the fracture fill. Well 23/26a-13z, 





Figure 3. 30: Core photo of Fracture Type 3 associated with tectonic styloiftes. Barite is 
readily identifiable in hand specimen due to its milky white colour. Core is 25cm in 
length. (Well 23/26a-13z, 2748m core depth). (BP core photos). 
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Figure 3. 31: SEM image of barite replacing saddle dolomite and being subsequently 
replaced by fluorite. (Well 23126a-13z, 2738m, core depth). 
Iq ft 
Calcite 	 Barite 
Barite replacing 	Icite 
Figure 3. 32: CL (left) and PPL (right) images of barite replacing calcite and being 
subsequently replaced by fluorite. (Well 23/26a-13z, 2738m core depth). 
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Figure 3. 33: Above; singular acicular celestite laths filling in hairline fractures. Below 
close up of 3.32a, Well 23126a-1 3z, 2738m (core depth). 
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3.3: Oxygen and Carbon stable isotope analysis 
A stable isotope study on Calcites 1-4, and dolomites (rhombi and saddle dolomite) 
(Section 3.2.6 and 3.2.8) was undertaken. The objective of the stable isotope study is 
to observe any chemical variations within the formation water responsible for 
different fracture filling cements, within the Tor Formation in the Machar reservoir. 
3.3.1: Materials and Methods 
Nine different fractures from the Tor Fm from Wells 23/26a-13 and 13z (Figure 3. 3) 
were sampled and flushed with dichioromethane. Polished blocks and polished thick 
sections were prepared for sample extraction. Thin section stubs were stained with 
blue dye before mounting on a glass slide to enable identification of porosity (blue 
dye stain). Micro-samples of individual cements were drilled from the polished thick 
sections using a micro-drill at the Institut de Ciencies de la Terra in Barcelona and at 
the University of Edinburgh. The powdered samples were subject to low 
temperature oxygen plasma to remove organic matter. The stable isotopic 
composition (oxygen and carbon) in the cements was measured. For dolomites the 
Rosenbaum and Sheppard (1986) technique was used. Which is a 100°C modification 
of the McCrea, (1950) and Craig, (1957) standard phosphoric acid technique for 
dolomites. 2-3mg samples of dolomites were reacted for a 20min period at 100°C in 
phosphoric acid to ensure complete dissolution and prevention of cross 
contamination from the multi bath. For the calcites the standard McCrea, (1950), 
Craig, (1957) technique was used. 2-3mg samples of calcites were reacted for a 6mm 
at 25°C. Released CO2 from all carbonates was purified and isotopically analysed on 
a VG SIRA II mass spectrometer. The carbon and the oxygen results are expressed in 
parts per thousand (%o) relative to the Pee Dee Belemnite (PDB) isotope standard. 
From repeated analysis of laboratory standards the reproducibility of the isotopic 
compositions is estimated to be better than ±0.17oo for both 6180 and 613C in all 
carbonates. 
3.3.2: Results 
6180 and 813C of different generations of carbonate fracture fills are listed in Table 3-1 
and illustrated graphically in Figure 3. 34. The data from matrix chalk presented in 
Figure 3. 34 are taken from whole rock samples from the Tor Formation in Wells 
23/26a-13, 13z and 12 (Chapter 2) and are illustrated for comparable purposes. The 
following significant features can be noted: 
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Oxygen isotopic compositions from fracture filling cements are more negative 
relative to chalk matrix values; -6 to -15 6180%o  PDB to -4 to -7 6 180%0 PDB. 
The O 13C values of the fracture fills, with the exception of Calcite 1, are more 
positive relative to the chalk matrix values 1.5 to 7 6 13C9,0,0 PDB> 1 to +3 613C%0 PDB. 
3.3.2.1: Fracture Type 1: Tension Fractures associated with bedding 
stylolites: 
The stable isotopic composition (6 180 and VC) of Calcite 1, present within Fracture 
Type 1 was measured (n=3). 6 180 range between —8.3 and —10.5%o PDB. O13C range 
between +2.0 and +2.3%oo PDB. The oxygen isotope values are more negative than 
those measured in the matrix. This group of fracture fills shows no variations in 6 13C 
when compared to the matrix values suggesting its carbon was derived from within 
the chalk matrix. The oxygen isotope values are the closest to those in the matrix, 
when compared to 5180  values recorded in Calcites 23 and 4 (Figure 3.34). 
3.3.2.2: Fracture Type 2: Fractures containing Crack Sealing Calcite: 
5180 and 5 13C of crack sealing calcite samples were measured within Fracture Type 2 
(n=6): 5180  range between —10.3 and —12.2%o PDB. 5 13C range between 3.6 and 5.9 17oo 
PDB. The 5180  values are more negative than those measured in the matrix, and the 
613C values are more positive than those measured within the matrix. 
3.3.2.3: Fracture Type 3: Fracture fills related to tectonic stylolites: 
5180 and S 13C of Calcite 3, present within Fracture Type 3 were measured (n=22). 5 180 
values range between —10.3 and —14.2%o PDB. 5 13C values range between 3.0 and 
6.9%oo PDB. The 5180  values are more negative than the oxygen isotope results 
measured within the matrix and calcites 1,2 and 4. The 5 13C values are more positive 
than those measured within the matrix. This group of fracture fills show the largest 
variations in 6 13C of all the calcite groups. The group also contains the most negative 
5180 when compared with matrix values (Figure 3.34). 
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3.3.2.4: Fracture Type 4: Fractures associated with tectonic fractures 
devoid of stylolites: 
6180 and 6 13C of Calcite 4, present within Fracture Type 4 was measured (n=10). 6180 
values range between -7.6 and -11.6% PDB. Ô'3C values range between 2.7 and 4.39 ,00 
PDB. 6180 values are more negative than the matrix values, and 6 13C values are more 
positive than carbon measured in the matrix. 
3.3.2.5: Dolomites 
The stable isotope composition 6180  and 613C of saddle dolomites present within 
Fracture Type 3 was measured (n=14): 6180  values range between -6.3 and -.8.7%o 
PDB. 6 13C values range between 2.3 and 3.8%o PDB (Figure 3. 34). 6180  values are 
more negative relative to the matrix and the 6 3C values are more positive relative to 
the matrix values. The dolomites are one of the more constrained groups with no 
extreme carbon or oxygen values. A number of results on the stable isotope 
composition 6180 and 613C of dolomite rhombs present within the matrix were 
available from Maliva and Dickson (1994) (n=4) and presented Figure 3.34 and in the 
table below. 6180 values range between -2.9 and -6.7%oo PDB. Ô'3C values range 
between 1.9 and 3.35voo PDB. 
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Table 3.1: 613C and 6180 values 
613C% 6180%0 
Well Depth PDB PDB Calcite Type 
23/26a-13 2732 2.0 -10.5 Calcite 1 in Fracture 1 
23/26a-13 2732 2.0 -8.3 Calcite 1 in Fracture 1 
23/26a-13 2732 2.3 -8.8 Calcite 1 in Fracture 1 
23/26a-13 1979 4.6 -10.3 Calcite 2 in Fracture 2 
23/26a-13 1982 5.9 -11.0 Calcite 2 in Fracture 2 
23/26a-13 1982 5.6 -11.5 Calcite 2 in Fracture 2 
23/26a-13 2081 4.2 -11.5 Calcite 2 in Fracture 2 
23/26a-13 2081 3.6 -12.2 Calcite 2 in Fracture 2 
23/26a-13 2081 4.6 -11.5 Calcite 2 in Fracture 2 
23/26a-13 2032 3.2 -11.2 Calcite 3 in Fracture 3 
23/26a-13 2032 4.4 -12.0 Calcite 3 in Fracture 3 
23/26a-13 1978 3.6 -12.6 Calcite 3 in Fracture 3 
23/26a-13 1978 3.3 -12.4 Calcite 3 in Fracture 3 
23/26a-13 1978 3.4 -13.5 Calcite 3 in Fracture 3 
23/26a-13 1978 5.0 -12.2 Calcite 3 in Fracture 3 
23/26a-13 1978 3.0 -14.2 Calcite 3 in Fracture 3 
23/26a-13 1978 5.2 -11.0 Calcite 3 in Fracture 3 
23/26a-13 1978 3.4 -13.4 Calcite 3 in Fracture 3 
23/26a-13 1978 4.9 -11.4 Calcite 3 in Fracture 3 
23/26a-13 1978 4.5 -11.8 Calcite 3 in Fracture 3 
23/26a-13 1979 4.2 -10.3 Calcite 3 in Fracture 3 
23/26a-13 2049 6.1 -11.8 Calcite 3 in Fracture 3 
23/26a-13 2049 6.3 -11.3 Calcite 3 in Fracture 3 
23/26a-13 2049 6.0 -11.5 Calcite 3 in Fracture 3 
23/26a-13 2049 6.3 -11.3 Calcite 3 in Fracture 3 
23/26a-13 2049 6.0 -11.3 Calcite 3 in Fracture 3 
23/26a-13 2049 6.9 -11.7 Calcite 3 in Fracture 3 
23/26a-13 2081 4.6 -11.0 Calcite 3 in Fracture 3 
23/26a-13 2081 3.7 -11.3 Calcite 3 in Fracture 3 
23/26a-13 2081 5.1 -10.7 Calcite 3 in Fracture 3 
23/26a-13 2032 4.5 -12.5 Calcite 3 in Fracture 3 
23/26a-13 2032 2.7 -11.6 Calcite 4 in Fracture 4 
23/26a-13 2032 3.3 -12.0 Calcite 4 in Fracture 4 
23/26a-13 2032 3.4 -11.4 Calcite 4 in Fracture 4 
23/26a-13 2032 2.9 -11.6 Calcite 4 in Fracture 4 
23/26a-13 1979 3.6 -10.6 Calcite 4 in Fracture 4 
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613C%0 O180%0 
Well Depth PDB PDB Calcite Type 
23/26a-13 1979 3.4 -7.6 Calcite 4 in Fracture 4 
23/26a-13 1979 4.1 -8.1 Calcite 4 in Fracture 4 
23/26a-13 2081 3.9 -10.0 Calcite 4 in Fracture 4 
23/26a-13 2081 4.3 -9.4 Calcite 4 in Fracture 4 
23/26a-13 2081 3.4 -8.9 Calcite 4 in Fracture 4 
23/26a-13 1958 2.7 -6.7 Dolomite rhomb in matrix 
23/26a-13 1974 1.9 -2.9 Dolomite rhomb in matrix 
23/26a-13 1981 3.3 -5.8 Dolomite rhomb in matrix 
23/26a-13 2028 2.5 -6.8 Dolomite rhomb in matrix 
23/26a-13 1978 3.8 -6.8 Saddle dolomite in Fracture 3 
23/26a-13 2740 2.4 -7.9 Saddle dolomite in Fracture 3 
23/26a-13 2740 3.5 -8.0 Saddle dolomite in Fracture 3 
23/26a-13 2740 3.8 -6.4 Saddle dolomite in Fracture 3 
23/26a-13 2740 3.1 -7.1 Saddle dolomite in Fracture 3 
23/26a-13 2740 3.8 -6.3 Saddle dolomite in Fracture 3 
23/26a-13 2740 3.6 -7.4 Saddle dolomite in Fracture 3 
23/26a-13 2740 2.7 -8.4 Saddle dolomite in Fracture 3 
23/26a-13 2741 3.7 -6.8 Saddle dolomite in Fracture 3 
23/26a-13 2741 3.5 -7.4 Saddle dolomite in Fracture 3 
23/26a-13 2741 2.8 -8.8 Saddle dolomite in Fracture 3 
23/26a-13 2741 3.2 -8.1 Saddle dolomite in Fracture 3 
23/26a-13 2741 2.8 -8.8 Saddle dolomite in Fracture 3 
23/26a-13 2741 3.3 -7.7 Saddle dolomite in Fracture 3 
Table 3-1: Results of stable isotope analysis for different calcites and dolomites. All 
measurements with the exception of dolomite rhombs in the matrix (Maliva and 
Dickson, 1994) were analysed by the author. 
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d 13C and d 180 cross-plot showing different types of calcite cements 
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Figure 3. 34: 6 13%.0 PDB v 61%0 PDB for the fracture fills within the fractures 1-4, 
(Represented by calcites 1-4) and saddle dolomite present in Fracture Type 3. Matrix 
values are plotted along with dolomite rhombi present within the matrix (Maliva and 
Dickson 1994). 8 180 values from fracture filling cements are more negative, and 6 13C 
values more positive relative to chalk matrix values. High carbon values are indicative 
of carbon derived from CO 2 (enriched in 13C) that is produced along with isotopically 
light methane by bacterial fermentation processes in organic rich strata at depths of 
less than 1800m (Irwin et al. 1977). Values above 6 13C +3%., towards the higher values 
represent this process. The absence of characteristic values of 613C +15%0 produced 
from bacterial fermentation suggests that these values were not recorded due to 
mixing (physical or fluid). The negative 6180%.  PDB value for the fracture tilling 
carbonates both calcite and dolomites are caused by either temperature dependent 
fractionation of the oxygen isotopes between water and calcite or by variations in the 
isotopic composition of the parental fluid phase. 
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3.3.3: Discussion 
The oxygen isotope ratios measured in the fracture fills within the Tor Fm on Machar 
are comparable to previous data for other North Sea fracture calcites in chalk 
reservoirs (Scholle, 1977; Jensemus and Munksgaard, 1989; Taylor and Lapre 1987; 
Maliva, et. al. 1995; Watts, 1983; Egeberg and Saigal 1991; Jensenius, 1987; Jensenius 
et al. 1988). Enriched carbon values relative to the matrix carbonate are comparable 
to Ô 13C values in fracture filling calcites of the Albuskjell Field, Norwegian North Sea 
(Taylor and Lapre, 1987; Watts, 1983). Variations in stable isotope values in the 
fracture cements, compared to the matrix and to each other, may be attributed to 
several different factors: 1) The isotopic composition of the diagenetic fluid 
responsible for the precipitated cement. The composition of this fluid is controlled by 
its origin and its signature will be reflective of its source. 2) The temperature of 
diagenesis: the temperature controls the fractionation of the oxygen isotope between 
the precipitating fluid and solid phase. Deposition from fresh water or at high 
temperatures will yield limestones that have significantly negative oxygen isotope 
values (Scholle 1977). 3) The ratio of water to rock at the moment of precipitation of 
the cement phases is also important. The dominant phase will control the isotopic 
ratio and isotope composition of the precipitated cement will represent the dominant 
phase. If the incoming pore fluid is volumetrically small then its isotopic composition 
will be significantly shifted towards the host rock and vice versa. In carbon isotope 
analysis, very positive 6 13C signatures +15%oo PDB are likely to be caused by bacterial 
fermentation (Noth 1997). 
3.3.3.1: Interpretation of parental fluids. 
Calcite 1 
Calcite 1, within Fracture Type 1, is believed to have precipitated at a similar time to 
bedding stylolites either through a triaxial stress system, located at the crest of the 
reservoir, a product of buoyancy of the salt and minor doming before the main 
diapiric event in the mid-Miocene. Or simply due to the build up of fluid pressure at 
the stylolite teeth. 
It is known that this fracture formed early in the diagenetic history of the 
reservoir due to its close association with bedding stylolites. PC values measured of 
Calcite 1 (Figure 3. 34) are similar to the matrix values (2.0 and 2.3 6 13C%0 PDB), 
confirming that the source of carbon for Calcite 1 was mostly rock dominated (chalk 
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matrix). 61807o0 PDB values from Calcite 1 are more negative than the matrix values 
(Figure 3. 34) and represent a shift due to temperature fractionation. It is possible 
that Calcite 1 precipitated within a rock dominated system. The rock dominated 
isotope values recorded in carbon, combined with an absence of exotic minerals 
associated with this calcite, suggests that the system was closed during the 
precipitation of Calcite 1. 
Dolomite rhombi 
Dolomite rhombi within the matrix of the Tor Formation measured by Maliva and 
Dickson (1994) have similar stable isotope properties as the matrix. This may be an 
analytical error due to the difficultly of separating the dolomite rhombi from the 
matrix. Alternatively, the similarities in isotope values between the dolomite and the 
matrix may also suggest that dolomite, like Calcite 1, formed in a rock-dominated 
system. 
Calcite 2 
Calcites 2, and Calcite 3 have similar oxygen and carbon values. Oxygen isotope 
values range between —10.3 and —12.2% o 6180 PDB, for Calcite 2, and —10.3 and 
—14.27. 6180  PDB for Calcite 3 (Figure 3. 34). The positive 6 13C values for Calcite 2 
suggests that it formed in a system that was not rock dominated and opened to an 
external source of carbon. If this is the case the negative oxygen values may represent 
both a temperature dependent fractionation of the oxygen isotopes between water 
and calcite (O'Neil et al., 1969), and variations in the isotopic composition of the 
parental fluids. 
Calcite 3 
Significantly positive carbon isotope data recorded within Calcite 3 (3.0 and 6.9% 
613C PDB), compared to matrix values, indicate bacterial fermentation of organic 
matter. Positive carbon values are characteristic of carbon derived from isotopically 
heavy CO2 (enriched in 13C) that is produced along with isotopically light methane, 
by bacterial fermentation processes, in organic rich strata, at depths of less than 
1800m (Irwin et al., 1977; Hudson, 1977), or at temperatures below 80°C (Carothers 
and Kharaka, 1980). The 6 13C values recorded during this process are generally above 
+15% (PDB) (Irwin et al., 1977). The absence of values this positive within the 
fractures suggests that that the characteristic value is not recorded due to mixtures, 
physical, or fluid during precipitation. The positive carbon values strongly suggest 
that the system was open during the precipitation of Calcite 3. A combination of 
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exotic mineral phases, precipitated within Fracture Type 3, (celestite, saddle 
dolomite, barite and fluorite) provides further evidence that Calcite 3 precipitated 
from externally sourced fluids. This supports the Scandinavian camp: (Watts, 1983; 
Taylor and Lapre, 1987; Jensenius, 1987, Jensenius et al., 1988; Jorgensen, 1987; 
Jensenius and Burruss 1990) of hot water ascension during fracture filling within the 
chalk reservoirs above salt domes, in the North Sea. 
It is possible to estimate the composition of the pore fluid responsible for 
Calcite 3. This is achieved using an estimated temperature from the established 
burial curve for the Machar field and underlying Jurassic (Emery and Oxtoby 1989) 
(Figure 5. 5). It has been established that the hydrocarbons present in the Machar 
chalks are sourced from the Jurassic (Emery and Oxtoby 1989). Due to the close 
association between Calcite 3 precipitation and oil charge (primary oil inclusions 
within the calcite see section 3.6.5.3) from the Jurassic it is possible that the parental 
fluid responsible for Calcite 3 precipitation was also sourced in the Jurassic. Using 
the established burial curve the temperature of the Jurassic (Figure 5. 5), during the 
time of fracture filling, predicted from the maturity of the oil within the fluid 
inclusions, was between 140-150°C. This temperature represents an absolute 
maximum temperature, as the fluid ascends and mixes with the host rock, it would 
cool. However the temperature can be used as a rough guide to estimate the 
composition of the parental fluids. The temperature is plotted with an average 6' 80 
value of —11.8%oo PDB, for Calcite 3 and presented on an equilibrium fractionation 
diagram (Figure 3. 35). The diagram represents the fractionation of oxygen isotopes 
between water of different parental compositions and calcite (in equilibrium) as a 
function of temperature. Combining the temperature estimate, with the oxygen 
stable isotope data it is likely that Calcite 3 precipitated from a positive pore water 
above +2%o O 180 SMOW, corresponding to a basinal fluid. This is an expected result, 
as original formation waters become buried they typically become enriched in 60%0 
SMOW as a result of rock: water interaction (Craig, 1966; Hitchon and Freidman, 
1969; Clayton et al., 1972; Land, 1980; Milliken et al., 1981; Jensenius and Munksgaard, 
1989). 
Calcite 4 
Calcite 4, post dates all other calcites. Calcite 4, precipitated during the main 
movement of the salt in the Mid-Miocene (see discussion chapter). Oxygen isotope 
values range between —7.6 and —11.67o 6 180 PDB. Relatively high Ô 13C values 
between +2.7 and +4.37oo O 13C PDB) suggest the system remained open after Calcite 3 
precipitation during the precipitation of Calcite 4. 6 180 and 513C values for Calcite 4 
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fall between the matrix values and those values measured from Calcites 2 and 3 
(Figure 3. 34), this suggests mixing between incoming basinal water, and pore water 
within the matrix prior to precipitation of Calcite 4. Mixing with pore water would 
cause the 6 180 PDB9'o'0 values of the precipitated cement to shift towards the matrix 
values. The lack of interaction between matrix and cement within Fracture Type 3, 
due to bounding of tectonic stylolites on either side of the fractures, suggests that 
Calcite 3 mostly represents precipitation from a concentrated basinal fluid, in 
comparison to Calcite 4. The equilibrium/ fractionation plot between parental fluids 
and temperatures, (Figure 3. 35), estimates that if Calcite 4 precipitated at the same 
temperature to Calcite 3 it would have precipitated from a more enriched basinal 
fluid than that responsible for Calcite 3. However there is a strong suggestion of 
mixing prior to Calcite 4 precipitation between interstitial pore water and incoming 
basinal, which would cause buffering of the oxygen isotope values measured in 
Calcite 4 to more positive values. It is therefore likely that Calcites 3 and 4 
precipitated from a similar incoming fluid. The decrease in 6 13C in Calcite 4 is due to 
a higher percentage of interstitial waters and rock derived CO 2 when compared with 
Calcite 3. 
Saddle dolomite 
Oxygen isotope analysis on saddle dolomite cements was also preformed. Oxygen 
results range between —6.3 and —8.796 6 180 PDB (Figure 3. 34). The oxygen isotope 
ratios are depleted relative to the matrix and the carbon isotope ratios are slightly 
enriched relative to the matrix values, similar to Calcite 4. 6 80 values measured in 
Calcite 4 and saddle dolomite are in agreement with precipitation from the same 
fluid at the same temperature based on calculations by Land 1983 (Figure 3. 36). This 
suggests that saddle dolomite may also have experienced some mixing with the 
existing pore waters prior to precipitation. 
Conclusions 
We can be confident that Calcite 1, associated with Fracture Type 1, associated with 
bedding stylolites, formed in a rock dominated system. Dolomite rhombs present 
within the matrix are also likely to have formed in a rock dominated system. Carbon 
isotopes values, identical to matrix values (6 13C +1.5 and +2.57o PDB), suggest that 
the reservoir was closed during the precipitation of Calcite 1 and dolomite rhombs. 
The fractures, relating to Calcite 2 precipitation, formed before tectonic stylolites. 
Positive 6 13C values suggest that Calcite 2 precipitated in an open system. Data from 





















Chapter III: Fracture Dia genesis 
precipitation of Calcite 3. Positive carbon isotope values (3.0 and 6.9%o 6 13C PDB), 
combined with the presence of an exotic mineral assemblage (saddle dolomite, 
barite, celestite and fluorite), within Fracture Type 3, all support open system 
diagenesis. Calcite 4 also precipitated in an open system. The event is marked by 
mixing between interstitial water and incoming basinal brine. 
Equilibrium oxygen isotope fractionation relationships of Calcites 3 and 4. 
-14.0 
SO 	40 	50 	60 	70 	80 	90 	100 	110 	120 	130 	140 	150 
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Figure 3. 35: Diagram relating the oxygen isotopic composition results and fluid 
inclusion data for fracture filling calcites. The fractionation of oxygen isotopes 
between water and calcite (in equilibrium) as a function of temperature is shown. The 
fractionation curves are based on the equation of O'Neil et al. (1969). The average of 
6180 PDB measured values of calcites from individual fracture cements are used 
together with temperature estimates from an established burial curve, in order to 
calculate the 6180% SMOW of parental fluids. The 6180 values for the calcite 
precipitating fluids can be obtained from the water composition lines within individual 
boxes. The values of +2 for the parental fluids responsible for Calcite 3 and 4 
correspond to waters released from deeper in the basin. The value for Calcite 1 
represents the composition of the fluid in the reservoir during early burial and 
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Figure 3. 36: Diagram illustrating the oxygen isotope data for saddle dolomites. Th 
could not be measured in the dolomites. The temperature estimated from the burial 
curve. The fractionation of oxygen isotopes between water and dolomites at different 
temperatures is shown based on the equation of Land, 1983. Values of 8180 above +2% 
SMOW for parental fluids responsible for saddle dolomite is similar to the values for 
the parental fluids responsible for the precipitation of Calcites 3 and 4 (Figure 3. 35) 
3.4: Sr isotope analysis 
3.4.1: Section objective 
If, as dictated by the VC, ö'80 values, parental fluids, derived from external to the 
Tor reservoir are responsible for Calcites 3 and 4, and saddle dolomite, then it is 
likely that this will be reflected within the "Sr/Sr ratio of the precipitated cement. 
Egeberg and Saigal (1991) suggest that if fluids responsible for cement precipitation 
had passed through the Kimmeridge source rocks or other clastic units (as suggested 
for example by Taylor and Lapre, 1987), then the Sr isotopic composition would 
probably have been more radiogenic than the Cretaceous contemporaneous sea 
water (Burke et al., 1982). This section will discuss the possible sources of Sr in the 
Tor fractures by measuring the 'Sr/Sr ratio of fracture filling carbonates (calcite 
and saddle dolomite) and celestite and comparing them to known matrix values 
(Emery and Oxtoby, 1989). 
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3.4.2: Introduction 
Marine carbonates exclude Rb from their crystal lattice while acting as sinks for Sr. 
The absence of Rb in their structure means that no radioactive decay will take place 
and hence the Sr/Sr ratio will reflect the seawater from which the carbonate 
precipitated. The chalks of the Machar field are known to be Upper Cretaceous, the 
sea water value for this age is approximately 0.7077 (Burke et al., 1982). Changes from 
this value will indicate the inflow of external fluids. 
3.4.2: Materials and methods 
Strontium 87/86 analyses were carried out by the author on 14 samples; ten vein 
carbonates, (eight calcites and two saddle dolomites), two celestite, from Fracture 
Type 3 and two anhydrite samples from the cap rock. These samples were added to 
an existing number of strontium measurements made by Smalley and Oxtoby, 1992 
and Emery and Oxtoby, 1989 (Table 3.2). Samples for Sr isotope analysis from 
fractures were selected using petrography and previously measured oxygen and 
carbon isotopic ratios. The material was removed from the fracture-filling veins by a 
micromill with diamond tipped bit. 
Prior to dissolution, the carbonate samples were leached with 1M acetic acid 
to remove secondary carbonates. The celestite was mixed with a solution of sodium 
carbonate and left to react on a hotplate overnight. 2-3mg of anhydrite was dissolved 
in water overnight. All samples were repeatedly cleaned with distilled water and 
separated using a centrifuge. The remaining solid fraction from the carbonates was 
then dissolved in 2.5M HO. Residual silicate material was rejected by centrifugation 
and Sr was separated using conventional cation exchange procedures at the 
Radiogenic isotope unit at East Kilbride. After extraction, the element fraction was 
loaded onto oxidized single Tantalum filaments with 1M H 3PO4 Sr isotope ratios 
were measured on a VG sector 54-30 mass spectrometer. Instrumental mass 
fractionation was corrected using an exponential law and Sr/Sr=0.1194. During 
the course of the work the N1ST987 standard gave 'Sr/Sr=0.710237 ±20(2 standard 
deviations). Both the extraction and measurement procedures were carried out at the 
Scottish Universities Research and Reactor Centre at East Kilbride. 
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3.4.3: Results and Interpretation of Parental Fluids 
The results of the 'Sr/Sr isotope study are presented graphically on Figure 3. 37 
and on Table 3.2. The results of the anhydrite caprock, fracture calcites, saddle 
dolomites and celestite are presented with measurements made on the matrix chalk 
by Emery and Oxtoby, 1989 and 'Sr/Sr ratios from Residual Salt Analysis (RSA) 
and preserved formation waters, extracted from the present day formation waters in 
Well 23/26a-13 by Smalley and Oxtoby, 1992. 
'Sr/Sr ratios from the anhydrite caprock are the least radiogemc of all 
measured samples (87Sr/Sr 0.7075 to 0.7069). These values fall on the seawater 
'Sr/'Sr curve of Koepnick et al. (1985) at the uppermost Permian, confirming the 
Permian (Zechstein) origin of the anhydrite. 
The Sr isotopic composition of the matrix chalks in the Tor Formation from 
Wells 23/26A-13 and 13z fall into the range 0.70770-0.70791 87Sr/Sr. The Sr isotope 
composition in the chalks can be accounted for from Cretaceous seawater Sr isotopic 
ratios. These results suggest that chalk diagenesis took place in a system closed to 
external strontium input. 
Calcite 1 within Fracture Type 1 had Sr/Sr ratios (0.7078 to 0.70787 
Sr/Sr) similar to the chalk matrix values, further confirming that this calcite 
formed in a closed system in support of the 6 13C values measured in this calcite. In 
contrast, Calcite 4, Calcite 3, saddle dolomite within Fracture Type 3, and celestite 
within Fracture Type 3, all contained Sr/Sr ratios more radiogenic than that of the 
chalk matrix values and the anhydrite caprock, suggesting that these fractures had 
an additional, more radiogenic, source of strontium. This supports conclusions from 
the stable isotope data sets that an external fluid is responsible for the precipitation 
of Calcites 3,4 and saddle dolomite. 
127 
Chapter III: Fracture Dia genesis 
87Sr6Sr isotope ratios plotted against depth 
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Figure 3. 37: Plot illustrating variations in SrP6Sr isotope ratios in different types of 
cements. Present day Sr isotope ratios, Calcites 3 and 4 ratios, celestite and saddle 
dolomite ratios are all more radiogenic when compared to the matrix and anhydrite 
values suggesting that the strontium signatures from these cements and the present 
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Ltj vw@ 	 18ü 
I 
Anhydrite Caprock 1776.2 0.70766 Emery and Oxtoby 1989 
Anhydrite Caprock 1815.7 0.70769 Emery and Oxtoby 1989 
Anhydrite Caprock 1776.2 0.7074 Emery and Oxtoby 1989 
Anhydrite Caprock 1815.7 0.70753 H. Doran 
Anhydrite Caprock 1955 0.70759 H. Doran 
Anhydrite Caprock 1520 0.70708 BP 
Anhydrite Caprock 1521.5 0.70706 BP 
Anhydrite Caprock 1534 0.70712 BP 
Celestite Caprock 1481.1 0.70788 BP 
Celestite Caprock 1481.7 0.70788 BP 
Celestite Caprock 1481.85 0.70787 BP 
Celestite Caprock 1482.3 0.70787 BP 
Celestite Caprock 1482.5 0.70784 BP 
Celestite Fracture 2748.2 0.70789 H. Doran 
Celestite Fracture 2766.4 0.70797 H. Doran 
Saddle Fracture 2741 0.70792 
dolomite H. Doran 
Saddle Fracture 2741.5 0.70794 
dolomite H. Doran 
Calcite Fracture 2741 0.70787 H. Doran 
Calcite Fracture 1978 0.70788 H. Doran 
Calcite Fracture 2049 0.70792 H. Doran 
Calcite Fracture 2049 0.70793 H. Doran 
Calcite Fracture 2741 0.708 H. Doran 
Calcite Fracture 2049 0.70806 H. Doran 
Calcite Fracture 2732 0.70809 H. Doran 
Calcite Fracture 2748.7 0. 7084 H. Doran 
Calcite Fracture 1736.8 0.7078 Emery and Oxtoby 1989 
Calcite Fracture 1744.8 0.70787 Emery and Oxtoby 1989 
Calcite Fracture 1903.34 0.70792 Emery and Oxtoby 1989 
Calcite Fracture 1914.72 0.70824 Emery and Oxtoby 1989 
Calcite Fracture 1941.5 0.7083 Emery and Oxtoby 1989 
Chalk Matrix 1735.4 0.70791 Emery and Oxtoby 1989 
Chalk Matrix 1755.2 0.70781 Emery and Oxtoby 1989 
Chalk Matrix 1769 0.70771 Emery and Oxtoby 1989 
Chalk Matrix 1769.3 0.70775 Emery and Oxtoby 1989 
Chalk Matrix 1774 0.70788 Emery and Oxtoby 1989 
Chalk Matrix 1911.15 0.70786 Emery and Oxtoby 1989 
Chalk Matrix 1920.45 0.70773 Emery and Oxtoby 1989 
Chalk Matrix 1930 0.7077 Emery and Oxtoby 1989 
Water Waters extracted from core 1889.1 0.70808 Smalley and Oxtoby 1992 
Water Waters extracted from core 1934.25 0.70806 Smalley and Oxtoby 1992 
Water Waters extracted from core 1977.1 0.70792 Smalley and Oxtoby 1992 
Water Waters extracted from core 2016.1 0.70796 Smalley and Oxtoby 1992 
Water Waters extracted from core 2016.25 0.70794 Smalley and Oxtoby 1992 
RSA Values reconstructed from 1889.6 0.70805 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1905.8 0.70805 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1908.75 0.70808 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1920.73 0.70796 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1933.91 0.7079 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1951.75 0.70786 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1977.6 0.70791 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 1982.85 0.70784 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2006.45 0.70791 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2015.73 0.70784 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2046.55 0.70793 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2070.05 0.70796 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2081.46 0.70795 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2081.48 0.70796 
Residual salt analysis Smalley and Oxtoby 1992 
RSA Values reconstructed from 2098.75 0.70797 
Residual salt analysis Smalley and Oxtobv 1992 
Figure 3. 38:Table 3.2: Strontium isotope data, from various sources. 
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3.5: Sulphur isotope analysis 
Sulphur isotope analysis on celestite caprock from Well 23/26a-1 and anhydrite 
dissolved out of core samples of halite (Well 23/26a-4) (Emery and Robinson 1993), 
show quite distinct ÔS ratios. The ratios of sulphur for the celestite caprock lie 
between PS 13.3 and 13.9 %o and between &'S 9.6 and 10.7 %00 for the anhydrite. The 
sulphate in the anhydrite (Zechstein evaporite) represents Late Permian seawater 
sulphate (Claypool et al., 1980). The sulphate in the celestite cannot have come 
entirely from the Zechstein. Both 680 and OS are 4-5 7oo more positive (Table 3.3) 
that the late Permian seawater sulphate (Claypool et al., 1980). This is an unusual 
result as celestite often forms in caprocks above salt diapirs, in the Gulf of Mexico 
due to bacterial sulphate reduction, but is similar to the results of the Sr study 
presented in section 3.4, indicating that celestite precipitated from an external fluid 
(Figure 3. 39). 
Isotopic ratios of d'S for anhydrite and celestite capt -ock 
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Figure 3. 39: Plot of sulphur isotope analysis versus depth on celestite and anhydrite 
caprock from Well 23/26a-1 and Well 23/26a-4 respectively. The results show quite 
distinct oS ratios. Sulphur measured in the anhydrite represents Late Permian 
seawater sulphate (Claypool et al., 1980). The sulphate in the celestite, more positive 
than that of the anhydrite requires an external source (data from Emery and Robinson 
1993). 
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Mineral Depth 6180 Measured 
By 
CDT PDB 
Anhydrite 1520.0 10.9 10.7 BP 
caprock 
Anhydrite 1522.0 10.8 9.6 BP 
caprock 
Anhydrite 1534.0 10.9 10.4 BP 
caprock 
Celestite 1481.1 15.6 13.7 BP 
caprock 
Celestite 1481.7 15.2 13.4 BP 
caprock 
Celestite 1481.85 14.9 13.4 BP 
caprock 
Celestite 1482.3 15.4 13.9 BP 
caprock 
Celestite 1482.5 14.8 13.3 BP 
caprock 
Table 3.3: Isotopic composition of celestite caprock and anhydrite in salt. Celestite 
samples from well 23/26a-1; anhydrite from well 23/26a-5. Data from Emery and 
Robinson 1993. 
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3.6: Fluid Inclusion Microthermometry 
Oxtoby and Robinson (1988) undertook the measurements for the fluid inclusion 
study at BP Sunbury. The fluid inclusion results from a single generation of calcite, 
as identified by Oxtoby and Robinson, were used within this study, with kind 
permission. The fractures in which the fluid inclusion measurements were extracted 
by Oxtoby and Robinson were subdivided into the authors own divisions (Calcites 1-
4 from fractures 1-4). By using the same, single generation of calcite as identified by 
Oxtoby and Robinson and re-examining the fractures where the fluid inclusion 
measurements were made, it is possible to carefully reuse the existing fluid inclusion 
data. In order to cross check the existing fluid inclusion data, an additional study 
was undertaken, during the PhD study by the author. 
The study of fluid inclusions (FLINC's) in the diagenetic cements within the 
fractures, of the Tor Formation gives an insight to the characteristics of the paleo-
fluids that were prevalent during diagenetic events and trapped during crystal 
growth. This study aims to determine the temperature of mineral formation, and the 
salinity of the mineralising fluid by looking at primary fluid inclusions of both 
aqueous and petroleum forms. The samples were also examined for secondary fluid 
inclusions to reveal details on later events in the system. 
3.6.1: Materials and methods 
In addition to the results obtained from Oxtoby and Robinson, two rock samples 
from Well 23/26a-13 were prepared as 150 micron thick, doubly polished, mineral 
wafers, set in blue dye resin, constructed at temperatures below 50°C. The fractures 
were carefully chosen as a representative of the fracture sub-sets. Fracture Type 3 
was represented by a sample from Well 23/26a-13, 2049.55m (core depth), and 
Fracture Type 4 was represented by a sample from 1979.87m (core depth). No 
additional samples for Fracture Type 1 were obtained, however the author is 
confident that the sample used by BP within Well 23/26a-13, 1960.77m, core depth is 
a true representative of Fracture Type 1 as described by the author. No fluid 
inclusions were observed within Fracture Type 2, (fractures containing crack seal 
calcite). An additional wafer was made in order to measure inclusions within saddle 
dolomite, however this process was problematic due to the small size of the fluid 
inclusions and, subsequently no results were obtained. 
Optical examination was carried out on a Nikon Optiphot polarising 
microscope at the University of Barcelona. The temperature of phase changes in 
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aqueous inclusions were measured with a modified USGS gas flow fluid inclusion 
stage mounted on a Leitz Metallux 3 microscope, equipped with x3, xlO, x20, x60 
objectives. The heating-cooling stage was calibrated with fluid inclusion standards. 
3.6.2: Identification and Description of the Fluid Inclusion 
The author found primary, and pseudo-secondary aqueous inclusions in calcites 
within Fractures 3 and 4. Primary inclusions are inclusions trapped during mineral 
growth (Figure 3. 46 and Figure 3. 50). Pseudo-secondary inclusions are inclusions, 
which look secondary, disposed along planes, but which are trapped during mineral 
growth. Primary petroleum inclusions were found in great abundance co-existing 
with the aqueous inclusions, suggesting that the calcite formed during the migration 
of petroleum. Secondary inclusions which formed after mineral growth of both 
aqueous and petroleum are also present (Figure 3. 46 and Figure 3. 50). All measured 
inclusions had small vapour bubbles at room temperature that shrank on heating. 
3.6.3: Homogenisation Temperature (Th) Aqueous and Petroleum 
The temperature of disappearance of the vapour bubble in a fluid inclusion on 
heating is the homogenisation temperature (Th). The temperature recorded 
represents the minimum temperature of trapping (Shepherd et at., 1985). Emery and 
Robinson (1993) describe the principals of homogenisation temperatures using a 
pressure temperature plot of phase relations for pure water (Figure 3. 40): 'A fluid 
inclusion trapped in the liquid part of the phase diagram at point T P represents the 
temperature and pressure in an oil reservoir. When the sample is brought to the 
surface it cools. The assumption is made that over the temperature interval of 
interest, the fluid in the inclusion has constant density. (This requires that the 
inclusion volume remain constant and there is no leakage of material in or out of the 
inclusion). As the inclusion cools its internal pressure is determined by the PVT 
properties of water at constant density and follows a path known as an isochore. 
When the internal pressure has dropped to the point where the isochore intersects 
the two-phase curve (or 'boiling point' curve) at Th, a vapor bubble nucleates and 
continues to grow on further cooling. If the natural cooling process is reversed by 
heating the inclusion on the microscope stage, the bubble will decrease in size and 
will decrease at Th, the homogenisation temperature, a minimum value for the true 
trapping temperature T and defines the fluid density provided that the composition 
of the fluid and its PVT properties are known. T b is always less than T '(Emery and 
Robinson 1993). 
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In order to know the true temperature of the inclusion in the cement phase a 
pressure correction needs to be applied. However because all aqueous inclusions 
measured within the calcites contained a bubble, (likely to be dissolved CH 4, in a 
petroleum reservoir; Goldstein and Reynolds 1992) the phase behaviour of these 
inclusions is different from fluids containing only water or brine. Homogenisation of 
fluids containing CH4 takes place on a bubble point curve. The slopes of the isochores 
are different to a two-phase curve (the curve in which water only inclusions 
homogenise on), lying at much higher pressures. The difference between T (trapping 
temperature) and Th, the pressure correction, is therefore small and the measured 
homogenisation temperature is a good estimate of the trapping conditions (Hanor, 
1980). Therefore the recorded T h within this inclusion study are close representatives 
of the true trapping temperatures. 
Petroleum fluid inclusions have two-phase envelopes in P-T space, bounded 
by bubble point and dew point curves (Figure 3. 41). Homogenisation in petroleum 
fluid inclusions usually occurs by vapour bubble disappearance along the bubble 
point curve. Isochores for petroleums are not as steep as those of aqueous fluids, and 
as a consequence, the pressure correction tends to be quite substantial, frequently 
many tens of degrees Celsius (Emery and Robinson, 1993). The homogenisation 
temperatures of petroleum fluid inclusions tend to be poor estimates of the 
temperatures at which the petroleum became trapped. So that petroleum inclusions 
are far less useful than aqueous at estimating formation temperatures. 
During measurement of T h, the sample was heated until homogenisation was 
imminent. After homogenisation was considered to have taken place the temperature 
was lowered slightly to observe if the gas bubble reformed. If the bubble did reform 
this was considered to imply that homogenisation had not taken place, since 
inclusions usually require 3-10°C of cooling below their T h  before gas bubbles reform. 
By applying this cycling method precise determinations of T b for inclusions could be 
obtained. 
3.6.4: Final Melting Temperatures (Tm) 
'Microthermometry at low temperatures (freezing) provides useful information on 
the composition of the fluid inclusion, which may include major ions present as well 
as their concentration in the fluid' (Goldstein and Reynolds, 1992). In order to use Tm 
ice to determine bulk salinity, one must assume a model composition, as the true 
composition of the natural brines enclosed within the inclusion are unknown. It is 
important to choose a model composition that closely represents the inclusion fluid 
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(Emery and Robinson 1993). The closer the model composition is to the inclusion 
composition, the more useful the salinity interpretated from Tm ice. A model 
composition can be determined by the temperature of first melting (eutectic 
temperature, Te). The temperature is measured by completely freezing a sample (-
75°C), and during freezing the vapour bubble will 'disappear'. The sample is 
subsequently warmed, resulting in melting of solid phases in a sequence 
characteristic of the fluid composition, first melt is observed first (Te). The last 
melting ice (Tm) is determined when the vapour bubble suddenly moves back into 
the inclusion (Figure 3.42). All final ice melting temperatures (Tm) within this study 
occurred below 0°C. This is usually interpreted as depression of freezing point due to 
NaCl in solution, thereby giving an estimate of salinity (Goldstein and Reynolds, 
1992). First melting (Te) was also attempted but was often difficult to observe due to 
the small size of the inclusions and the inexperienced eye. However provided that 
the last solid to melt is ice, the temperature of final melting is used to calculate the 
salinity as though the solution were a simple NaC1 brine, producing a number 
known as equivalent weight per cent NaCl (eq. Wt% NaCl). This is only a semi-
quantative estimate of salinity but it is still useful for distinguishing between fluid 
inclusions, and fluids, or different origins. 
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Figure 3. 40: Pressure-temperature plot of the phase diagram for pure water. See text 
for explanation (Diagram and text from Emery and Robinson 1993). 
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Figure 3. 41: A phase diagram for a crude oil. The stippled area represents reasonable 
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Figure 3. 42: Part of the vapour saturated phase diagram for NaC1-water. A frozen 
inclusion with bulk composition I that consists only of Na' CL - and water will contain a 
mixture of ice, and the intermediate salt, hydro-halite (NaCl 2H20). On heating, the first 
liquid will appear at the eutectic temperature, E (-20.8°C) as hydro-haifte melts and 
eventually disappears. As heating continues and ice melts, the proportion of liquid 
increases until at Tm, the last ice crystal disappears. The first measurement recorded 
the eutectic temperature-confirms that the fluid within the inclusion Is a NaCl solution. 
The temperature of final solid melting and the last solid to melt (ice), together fix the 
bulk composition at I. Note that if hydro-halite rather than ice had been the last solid to 
melt at Tm°C, a very different bulk salinity would be indicated (I'). This Is an idealized 
example showing that the composition of an inclusion fluid can be determined 
provided that: The composition of the fluid is known and the depression of melting 
point has been experimentally calibrated; that is, that the phase relationship In the 
systems are known (Diagram and text from Emery and Robinson 1993). 
3.6.5: Results of the fluid Inclusion study 
Data from the study are recorded and presented in Appendix 3a and 3b as tables and 
displayed as frequency histograms in this section according to inclusion content: 
brine or petroleum, and fracture host. In most cases the mean Th for petroleum 
inclusions is within 15°C of the mean Th for aqueous inclusions. Fluid Inclusion data 
sets defined from petrographic subsets are discussed below. 
3.6.5.1: Fracture Type 1: tension fractures associated with bedded 
stylolites 
No fluid inclusions measurements were made by the author on calcites within 
Fracture Type 1. Fluid inclusion results were obtained from BP, occurring in calcite 
(identified by BP as being the same, single phase) within a fracture that the author 
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identifies as Fracture Type 1 (Figure 3. 43). The results from the BP study are 
presented below: 
Homogenisation Temperature; aqueous Inclusions: 
Data for Calcite 1 show a wide range in Th measured in primary, and pseudo 
secondary aqueous inclusions from 66 to 120°C (Appendix 3a & 3b and Figure 3. 44 
A). Homogenisation temperatures for secondary inclusions are absent from this data 
set. The frequency histogram of the primary, and pseudo secondary inclusion data 
set is positively skewed which according to Wilkinson et al. (1998) is typical of most 
fluid inclusion data sets. The majority of the aqueous primary, and pseudo 
secondary inclusions measured in Calcite 1 are lower than the present day reservoir 
temperature (970C). The measured Th in the tail end of the histogram which are 
higher than present day reservoir temperatures, may be due to the measurement of 
inclusions which have stretched or leaked subsequent to trapping (Goldstein and 
Reynolds, 1992). 
Final Ice Melting Temperature; aqueous Inclusions: 
Final Ice melting temperatures (Tm) measured in primary, and pseudo secondary 
aqueous fluid inclusions in Calcite 1 are the least saline of all measured inclusions 
(Figure 3. 44 B) with the modal value of —5°C (-5 to —1°C) representing salinities 
between 3 and 8 eq. Wt%NaC1. The lowest measured Tm (-7.9°C) represents a 
salinity of 11.6 eq. Wt%NaC1. When compared to the results from Calcites 3 and 4 
these results are interpreted to represent a relatively low salinity fluid. Calcite 1 
therefore precipitated in the absence of the high salinity fluid that entered the 
reservoir during the precipitation of Calcites 3 and 4. 
Homogenisation Temperature; petroleum Inclusions: 
The majority of the data within this group were measured from secondary 
inclusions, suggesting that this fracture possibly formed in the absence of petroleum. 
The values recorded for the secondary inclusions cluster between 91 and 106°C 
(Figure 3. 45). Petroleum, pseudo-secondary inclusion, homogenisation temperature 
data for Calcite 1 shows an extensive data set from 61 to 106°C. There is no modal 
value for pseudo-secondary inclusions, with two peaks one at the frequency group of 
61-65.9°C and one between 96-100.9°C, which, is comparable with the present day 
reservoir temperature (97C). The bulk of the petroleum, secondary inclusion, 
homogenisation temperatures are slightly hotter than the aqueous temperatures 
measured for Calcite 1. 
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UV Fluorescence 
The UV fluorescence colour description given to all petroleum inclusions in this 
fracture group are greenish-yellow-white (Appendix 3b). 33% of secondary, 
petroleum inclusions, were described as blue. The remaining inclusions were 
described as greenish-yellow-white. A shift towards the blue end of the spectrum 
during UVF studies is accepted to signify increased maturity of oil (Emery and 
Robinson, 1993; Hagemaim and Hollerbach, 1986; and McLimans, 1987). 
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Figure 3. 43: Location of fracture used In the BP Fluid Inclusion study. The author has 
classified this fracture as Fracture Type 1 due to its association with bedding 
stylolites. A) Core log photo from Well 23/26a-13 showing location of sample 1960.77, 
used within the FLINC study. Scale bar divided into cm represented by alternating 
black and white boxes. B) Thin section scan illustrating another example of Fracture 
Type 1 and Calcite 1. Sample from Well 23/26a-1 3, 1945m, core depth. 
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Figure 3. 44: A) Histogram of homogenisation temperatures (Th) measured in aqueous 
fluid Inclusions in Calcite 1 (Fracture 1: Associated with bedding stylolites). The 
present day reservoir temperature is Indicated. Data for Calcite I shows a wide range 
In Th in primary, and pseudo secondary, aqueous inclusions with the bulk of the data 
between 66 and 90°C. The majority of the combined data set occurs below the present 
day reservoir temperature. B) Histogram of final ice melting temperatures (Tm) 
measured In primary, and pseudo secondary aqueous Inclusions in Calcitel. The 
numbers on the x-axis represents the minimum temperature within that group. The 
modal value of -5 (-5 to -0.1) represents salinities of 8 eq. Wt%NaCI and below. The 
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Figure 3. 45: Histogram of homogenisation temperatures (Th) measured In petroleum 
fluid inclusions in Calcite 1 (Fractures associated with bedding parallel stylolites). The 
present day reservoir temperature is indicated. Primary, and pseudo secondary data 
for Calcite 1 is limited, with two modal peaks. The majority of secondary inclusions 
occur within 10°C of the present day reservoir temperature, with the modal value 
slightly higher than the present day reservoir temperature. The secondary inclusions 
within petroleum data set show temperatures approximately 10°C above the 
temperatures measured in the aqueous primary inclusions. 
3.6.5.2: Fracture Type 2: Fractures containing crack sealing calcite: 
No inclusions could be identified for measurement within the calcite of Fracture 
Type 2 (crack sealing calcite) due to the small crystal sizes. 
3.6.5.3: Fracture Type 3: Fracture fills related to tectonic stylolites 
Fluid inclusions were measured by the author (H. Doran) in calcite (Calcite 3), 
occurring within Fracture Type 3 (fractures relating to tectonic stylolites) (Figure 3. 
46). Fluid inclusions were obtained from BP occurring in calcite (identified by BP as 
being a single phase) within a fracture that the author identifies as Fracture Type 3 
(Figure 3. 47). The results of the author's own study was combined with results 
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Homogenisation Temperature; aqueous Inclusions: 
Primary, and pseudo secondary inclusions for Calcite 3 show a wide range in Th 
within aqueous inclusions from 56 to 116°C (Appendix 3a and Figure 3. 48 A). The 
majority of all primary, and pseudo secondary inclusions occur between 76 and 
106°C. Secondary inclusions measured in Calcite 3 are limited, but are generally 
hotter than the present day reservoir temperature (97°C) and may be attributed to a 
hotter fluid in the reservoir subsequent to crystal growth. 
Final Ice Melting Temperature; aqueous Inclusions: 
Primary, and pseudo secondary, final ice-melting temperatures (Tm) measured in 
aqueous fluid inclusions in Calcite 3 have a normal distribution (Figure 3. 48 B). The 
majority of the data fall between -10 to -5°C, representing salinities between 8-14 eq. 
Wt%NaC1. Lowest final ice melting temperatures -13.2'C, recorded within primary, 
and pseudo secondary inclusions in Calcite 3, represents a salinity of 17.2 eq. 
Wt%NaCl. a salinity significantly higher than those measured within Calcite 1. The 
majority of measurements fall between a group of relatively high salinity fluids (-14 
to -22.8°C Tm 18-24 eq. Wt%NaC1.) identified within the fractures and relatively low 
salinity fluids, (-2 to -6°C Tm: 3-9 eq. Wt%NaCI.). These results are interpreted to 
represent mixing between two fluids with the proportion of low salinity fluids, being 
higher relative to high salinity fluid. Calcite 3 is interpreted to represent calcite 
formed during the transition in the reservoir where the Machar reservoir becomes 
open to fluids circulating around the salt dome. 
Homogenisation Temperature; petroleum Inclusions: 
Petroleum primary, and pseudo-secondary inclusions, in Calcite 3 show an extensive 
range in temperatures from 61 to 121°C, with the bulk of the data falling between 86 
and 106°C (Figure 3. 49). The data, similar to the homogenisation temperatures for 
the aqueous inclusions, is negatively skewed with the tail of the data set towards the 
lower temperature ranges. The modal value for this data set is slightly hotter than the 
present reservoir temperature and significant amounts of primary, and pseudo 
secondary inclusion, homogenisation temperatures fall above the present day 
reservoir temperature. There is no great temperature change in the values between 
petroleum and aqueous inclusions in this data set. The secondary inclusions 
measured in this data set are similar Th temperatures to the primary inclusions. 
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UV Fluorescence 
The UV fluorescence colour description given to the majority of primary, and pseudo 
secondary petroleum inclusions in this fracture group is greenish-yellow-white (87%). The 
remaining inclusions were described as blue. A shift towards the blue end of the spectrum 
during UVF studies is accepted to signify increased maturity of oil (Emery and Robinson, 
1993; Hagemann and Hollerbach, 1986; and McLimans, 1987). 
Fracture Type 3: Fractures relating to tectonic stylolites 
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Figure 3. 46: Location of fracture used within the Fluid inclusion study. The Fluid 
inclusions within this fracture were measured by the author (H. Doran), and the results 
combined with measurements made by BP. The fracture has been classified by the 
author as Fracture Type 3; fractures associated with tectonic stylolites. A) Core log 
photo from Well 23/26a-13 showing location of sample 2049.55m, (core depth), used 
within the FLINC study. Scale bar divided into cm represented by alternating black and 
white boxes. B) Fluid Inclusion wafer scan illustrating fracture. Blue circles are drill 
marks from a dental drill C) fluid inclusions within Calcite 3. 
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Figure 3. 47: Location of fractures used by BP within the fluid Inclusion study. The 
results obtained from these fractures were combined with results measured by the 
author. The author classifies these fractures as Fracture Type 3, fractures associated 
with tectonic stylolites. Core log photos from Well 23/26a-13 showing location of 
samples 1977.6 and 2046.55m, (core depth), used within the BP FLINC study. Scale bar 
divided into cm represented by alternating black and white boxes. 
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Figure 3. 48: A) Histogram of homogenisation temperatures (Th) measured In primary, 
and pseudo-secondary aqueous fluid Inclusions In Calcite 3 (Fractures associated with 
tectonic stylolites). Secondary inclusions are also displayed. The present day reservoir 
temperature is indicated. Data for Calcite 3 show a wide range in Th in primary, and 
pseudo secondary aqueous inclusions, with the bulk of the data between 81 and 106 °C. 
The majority of the combined data set occurs within 15 °C of the present day reservoir 
temperature. B) Histogram of final ice melting temperatures (Tm) measured in aqueous 
primary, and pseudo secondary Inclusions In Calcite 3. (Secondary inclusions are also 
shown). The numbers on the x-axis represents the minimum temperature within that 
group. The modal value of -10 (-10 to -5) represents salinities between 14- 8 eq. 
Wt%NaCl The majority of the measurements from Calcite 3 fall between the high 
salinity and low salinity groups. These results are interpreted to represent a mixing 
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Figure 3. 49: Histogram of homogenisation temperatures (Th) measured In primary, 
and pseudo secondary petroleum fluid Inclusions In Calcite 3 (Fractures associated 
with tectonic stylolites). Secondary inclusions are also shown. The present day 
reservoir temperature Is indicated. Data for Calcite 3 shows a wide range in Th in 
petroleum inclusions with the bulk of the data between 86 and 106°C. The majority of 
the combined data set occurs within 10°C of the present day reservoir temperature with 
the modal value slightly higher than the present day reservoir temperature. There is no 
great temperature variation between this data set and the aqueous data set for Calcite 
3. 
3.6.5.4: Fracture Type 4: Calcites associated with tension fractures 
devoid of tectonic stylolites 
Fluid inclusions were measured by the author in calcite (Calcite 4) occurring within 
Fracture Type 4 (tectonic fractures devoid of stylolites) (Figure 3. 50). Fluid inclusions 
were obtained from BP occurring in calcite (identified as a single phase by BP), 
within a fracture that the author identifies as Fracture Type 4 (Figure 3. 51). The 
results of the author's own studies were combined with results obtained from BP and 
presented below. 
Homogenisation Temperature,,  aqueous Inclusions: 
Primary, and pseudo secondary inclusions measured within Calcite 4 show a wide 
range in Th measurements from 56 to 121°C with the bulk of the data set between 71 
to 96°C (Appendix 3a and Figure 3. 52 A). The data set of primary, and pseudo 
secondary inclusions has a normal distribution. The majority of the aqueous 
148 
Chapter III: Fracture Dia genesis 
inclusions measured in Calcite 4 are cooler than the present day reservoir 
temperature (97C). The modal value is between 81 and 86°C. Significant 
measurements above the present day reservoir temperature measured within Calcite 
3 are absent from Calcite 4. This suggests that the fluid responsible for Calcite 3 
precipitation cooled slightly prior to Calcite 4 precipitation. The secondary 
inclusions measured within Calcite 4 have similar temperature ranges to the primary 
inclusions. 
Final Ice Melting Temperature; aqueous Inclusions: 
Final Ice melting temperatures (Tm) measured in primary, and pseudo secondary, 
aqueous fluid inclusions in Calcite 4 have a wide range in values (Figure 3.52 B). The 
majority of values occur between —10 and —20 °C. These temperatures represent 
salinities between 14 and 22 eq. Wt%NaC1. The lowest measured Tm (-22°C) 
represents a salinity of 24 eq. Wt%NaCl. Salinities this high have not been recorded 
in any other calcite fracture set. It is interpreted that Calcite 4 precipitated in the 
presence of a high salinity fluid. The wide range of data suggests that there was also 
some mixing with a fluid, of relatively low salinity, already present in the reservoir. 
The high salinity fluid appears to be dominant. 
Homogenisation Temperature; petroleum Inclusions: 
The majority of data collected from petroleum inclusions within Calcite 4 is from 
secondary inclusions and yields little about the trapping temperatures of the crystal. 
Primary, and pseudo secondary homogenisation temperatures range between 71 and 
116°C, with the bulk of the data again clustering between 81 and 101°C (Figure 3. 53). 
The data set for primary, and pseudo secondary inclusions is negatively skewed with 
the tail towards the lower temperature ranges. The modal value for this data set is 
between 96 and 101°C, which is comparable to the present day reservoir temperature, 
(97°C). 
UV Fluorescence 
The UV fluorescence colour description given to the majority of petroleum in this 
fracture group is again greenish-yellow-white (83.37o). The remaining inclusions 
were described as blue. A shift towards the blue end of the spectrum during UVF 
studies is accepted to signify increased maturity of oil (Emery and Robinson, 1993; 
Hagemann and Hollerbach, 1986; and McLimans, 1987). 
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Fracture Type 4: Tectonic fractures devoid of stylolites. 
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Figure 3. 50: Location of fracture used within the fluid inclusion study. The Fluid 
inclusions within this fracture were measured by the author, H. Doran and the results 
combined with measurements made by BP. The fracture has been classified by the 
author as Fracture Type 4; tectonic fractures devoid of stylolites. A) Core log photo 
from Well 23/26a-13 showing location of sample 1979.87m, (core depth), used within 
the FLINC study. Scale bar divided into cm represented by alternating black and white 
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Figure 3. 51: Location of fractures used by BP within the fluid inclusion study. The 
results obtained from these fractures were combined with results measured by the 
author (H.Doran). The author classified these fractures as Fracture Type 4, tectonic 
fractures devoid of stylolites. Core log photos from Well 23/26a-13 showing location of 
samples 1905.80,1904-63 and 1944.66m (core depths), used within the BP FLINC study. 
Scale bar divided into cm represented by alternating black and white boxes. 
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Figure 3. 52: a) Histogram of homogenisation temperatures (Th) measured in primary, 
and pseudo secondary, aqueous fluid Inclusions in Calcite 4 (Fracture 4). Secondary 
inclusions are also shown. The present day reservoir temperature is indicated. Data for 
Calcite 4 shows the widest range in Th aqueous inclusions (56-121°C) with the bulk of 
the data for primary, and pseudo secondary inclusions, between 71 and 96°C. The 
majority of the combined data set occurs below the present day reservoir temperature. 
b) Histogram of final ice melting temperatures (Tm) measured in aqueous inclusions in 
Calcite 4. The numbers on the x-axis represents the minimum temperature within that 
group. The modal value for primary, and pseudo secondary inclusions of -15 (-15 to - 
10.1) represents salinities between 19- 14 eq. Wt%NaCl. Calcite 4 contains the highest 
salinity values recorded. 
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Figure 3. 53: c) Histogram of homogenisation temperatures (Th) measured in 
petroleum fluid inclusions in Calcite 4 (Fracture 4). The data set is dominated by 
secondary inclusions. The present day reservoir temperature Is indicated. The majority 
of primary, and pseudo secondary inclusions fall between 81 and 101°C. This fluid 
inclusion data set is comparable to the primary, and pseudo secondary data set of 
Calcites 1 and 3. 
3.6.5.5: Celestite 
BP measured fluid inclusions within celestite, occurring within sample 2046.55m 
(Well 23/26a-13), which the author has identified as occurring in Fracture Type 3 
(Figure 3. 54). No additional measurements were made by the author. Petrographic 
studies have shown that Celestite forms from a single event after Calcite 3 
precipitates (section 3.2.9), within Fracture Type 3. The results of the BP study are 
presented below: 
Homogenisation Temperature,- aqueous Inclusions: 
Data for celestite shows a more restricted range in Th compared with the inclusions 
measured within the calcites. Primary aqueous inclusions range between 91 to 116°C 
(Appendix 3a and Figure 3. 55 A). The combined data set is negatively skewed, with 
tail of the data at the low temperature end of the distribution. The majority of the 
aqueous primary inclusions measured in celestite are hotter than the present day 
reservoir temperature (97°C) with only one measurement below this temperature. 
This is in contrast to the calcite (1, 3 and 4) fracture fill data sets. The higher 
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temperatures and the petrographic relationships between the celestite and calcite 
suggest that it may be attributed to a hotter fluid in the reservoir postdating calcite 
precipitation. 
Final Ice Melting Temperature; aqueous Inclusions: 
Final Ice melting temperatures (Tm) measured in aqueous fluid inclusions in celestite 
are the most saline of all measured inclusions (Figure 3. 55 B) and are comparable to 
Calcite 4. The majority of values occurring between —10 and —20 °C. These 
temperatures represent salinities between 14 and 22 eq. Wt%NaCI. The salinities in 
celestite are comparable to the salinities measured within Calcite 3. 
Homogenisation Temperatures; petroleum Inclusions: 
Data for Celestite petroleum inclusion homogenisation temperatures show a wide 
range in temperatures from 66 to 111°C, with the bulk of the data again clustering 
between 91 and 106°C (Figure 3. 56). The data is negatively skewed with the tail of 
the data set towards the lower temperature ranges. The modal value for this data set 
is comparable with present day reservoir temperatures (97 0C). The bulk of the 
primary petroleum inclusion homogenisation temperatures are slightly cooler than 
the aqueous temperatures for Celestite where most aqueous temperatures are above 
the present day reservoir temperature. However the petroleum inclusion 
temperatures are comparable to other temperatures measured in petroleum 
inclusions found in calcites 1, 3 and 4. 
UV Fluorescence 
The UV fluorescence colour description given to all primary petroleum inclusions in 
this fracture group is greenish-yellow-white. 
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Well 23/26a-13, 
2046.55 
Figure 3. 54: Location of celestite sample used by BP within the fluid inclusion study. 
The author classifies this fracture, in which celestite occurs as Fracture Type 3, 
fractures associated with tectonic stylolites. Core log photos from Well 23/26a-13, 
2046.55m, (core depth). Scale bar divided Into cm represented by alternating black and 
white boxes. 
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Histogram of Homogenisation temperatures (Th) measured in aqueous fluid 
inclusions in Celestite (Primary Inclusions no secondary) 
1-listogram of Final Ice melting temperatures (Tm) measured in aqueous 
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Figure 3. 55: A) Histogram of primary homogenisation temperatures (Th) measured in 
aqueous fluid Inclusions in celestite (Fracture 3). The present day reservoir 
temperature is indicated. Data for celestite show the hottest Th measurements in 
aqueous inclusions (91-116°C) with the bulk of the data between 101 and 116°C. The 
majority of the data set occurs above the present day reservoir temperature. B) 
Histogram of primary final ice melting temperatures (Tm) measured in aqueous 
inclusions in celestite. The modal value of -10 (-10 to -5) represents salinities between 
14- 8 eq. Wt%NaCl. The majority of the measurements from Celestite fall between the 
high salinity and low salinity groups. This result Is interpreted to represent a mixing 
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Histogram of Homogenisation temperatures (Th) measured in petroleum fluid 
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Figure 3. 56: C) Histogram of primary homogenisation temperatures (Th) measured in 
petroleum fluid Inclusions in Celestite (Fracture 3). The present day reservoir 
temperature is indicated. Data for celestite range from 66 to 101°C. The majority of the 
combined data set occurs within 10°C of the present day reservoir temperature with the 
modal value comparable to the present day reservoir temperature. This is similar to the 
petroleum data recorded for calcites 1,3 and 4. The bulk of the petroleum fluid 
inclusions are slightly cooler for this data set compared to the aqueous inclusions for 
celestite. 
3.6.5.6: Cap rock 
BP made fluid inclusion measurements within calcite, anhydrite, and celestite that 
form the caprock on the Machar structure (Figure 3. 57). The caprock sample was 
obtained from Well 23/26a-1Oz at a depth of 1954.35m and well 23/26a-1O at a depth 
of 1785.75m (both core depths). The caprock is situated immediately above the 
Machar salt dome. The results of this study are presented below: 
Homogenisation Temperature; aqueous Inclusions: 
Data for the caprock is sparse with only three aqueous, primary fluid inclusions, 
homogenisation temperatures taken from the calcite in the caprock. The 
measurement plot close to the present day reservoir temperature (97°C) and are 
comparable with aqueous primary fluid inclusion measurements in the calcite 
fracture fills (Figure 3. 58 A). 
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Final Ice Melting Temperature; aqueous Inclusions: 
Final Ice melting temperature measurements are sparse with only four recorded 
temperatures from the primary fluid inclusions, within calcite in the caprock (Figure 
3. 58 BY The temperatures between —9 and —20°C are signatures of the high salinity 
fluid identified in Calcite 4 and within the celestite, this is an expected result for 
fluids responsible for diagenesis within the cap rock immediately above the salt 
dome. 
Homogenisation Temperature; petroleum Inclusions: 
Data for caprock petroleum inclusions, homogenisation temperatures have been 
measured in both the anhydrite within the caprock, and the calcite within the cap 
rock (Figure 3. 59). Primary fluid inclusions from the calcites show the biggest range 
in temperature and contain both higher and lower temperatures. The anhydrite 
primary, and pseudo secondary inclusion data is restricted between 71 and 101°C. 
Primary, and pseudo secondary inclusions measured within the celestite are warmer 
than those measured within the anhydrite. The anhydrite data set is cooler than the 
present day reservoir temperature (97C). In contrast the majority of the celestite data 
set is warmer than the present day reservoir temperature. 
UV Fluorescence 
All primary, and pseudo secondary fluid inclusions measured within the celestite, 
anhydrite, and calcite found within the caprock had a fluorescence colour of blue 
(green blue, blue green or blue). A shift towards the blue end of the spectrum during 
I.JVF studies is accepted to signify increased maturity of oil (Emery and Robinson, 
1993; Hagemann and Hollerbach, 1986; and McLimans, 1987). This suggests that if 
there was only one source/kitchen of oil in Machar, the caprock formed in the 
presence of a more mature fluid than that found within the fractures. This suggests 
that caprock formation postdates fracture formation. 
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Figure 3. 57: Location of Wells 23/26a- 10 and lOz and the caprock on the Machar 
structure. BP obtained caprock samples for the fluid inclusion study from Well 23/26a-
10 1785.75m and 1844.00m (core depths) and Well 23126a-10z, 1954.35m (core depth) 
(Diagram from Baustad et al., 1993). 
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Figure 3. 58: A) Histogram of primary homogenisation temperatures (Th) measured in 
aqueous fluid inclusions in calcite within the caprock. The present day reservoir 
temperature is indicated. Data for the caprock is limited but results are comparable to 
fracture filling calcites 1, 3 and 4. B) Histogram of primary final ice melting 
temperatures (Tm) measured In aqueous inclusions in calcite within the caprock. The 
values range between -10°C and -20°C representing salinities between 14% to 24 eq. 
Wt%NaCI. These results are suggestive of a saline fluid being responsible for the 
precipitation of calcite within the caprock, an expected result for the diagenesis of a 
caprock immediately above a salt diapir. 
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Figure 3. 59: C) Histogram of homogenisation temperatures (Th) measured in 
petroleum fluid inclusions in calcite and anhydrite within the caprock. The present day 
reservoir temperature is indicated. The primary, and pseudo secondary data set ranges 
from 50-111°C. The calcites show the biggest range in temperature. The anhydrite 
primary, and pseudo secondary data is restricted between 71 and 101°C. The 
temperatures measured within the primary inclusions in celestite are higher than those 
measured within the anhydrite. The majority of the combined data set is lower than the 
present day reservoir temperature with the exception of the celestite. 
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3.6.6: Discussion 
Fluid inclusion homogenisation temperature measurements were measured on 
aqueous and petroleum inclusions within calcites present within Fractures 3 and 4 by 
the author and combined with measurements made by BP on calcites present within 
Fractures 1, 3 and 4, and calcite within the caprock. Homogenisation measurements 
were also made by BP on celestite found within Fracture Type 3, and the caprock and 
within anhydrite present within the caprock. A simple NaCI system was implied for 
the majority of the data and Tm was converted accordingly using the calculation: 
Salinity (wt%) = 0.044202 = 0.0005570 3 . 
Where 0 is the depression of the freezing point (magnitude Tm ice is depressed 
below 0.0°C) in degrees C. (after Bodnar, 1992; Goldstein and Reynolds 1992). 
The majority of the data suggests that trapping of petroleum and brine occurred at 
temperatures between 75 and 105°C regardless of depth. Knowing that the fluid 
inclusions trapped within all minerals in fractures and within the caprock contain 
dissolved CH4, the difference between Tt and Th, the pressure correction is therefore 
small and the measured homogenisation temperature is a good estimate of the 
trapping conditions (Hanor, 1980). 
The salinities were inferred from the final ice melting temperature and have a 
wide range between 3.71 and 24.6 eq. Wt9Po'NaC1 equivalent. Most Tm values fell in 
one of three groups related to host fractures: 
Relatively low salinity fluids (-2 to -6°C Tm, 3-9 eq. Wt%NaC1.) 
An intermediate group (-6 to -13'C Tm, 9-17 eq. Wt%NaQ.) 
Relatively high salinity fluids (-14 to -22.8°C Tm, 18-24 eq. Wt7oNaC1.) 
3.6.6.1: Homogenisation temperatures of aqueous inclusions 
Homogenisation temperatures for primary, and pseudo-secondary, aqueous 
inclusions ranged between 50°C (Calcite 4), and 125°C (Calcite 4 and Calcite 1). The 
modal values for homogenisation temperatures within primary, and pseudo 
secondary, aqueous fluid inclusions are, between 81 and 85.9°C in Calcite 1 and 4, 
101-105.9°C in Calcite 3, and 106-110.9°C in celestite. No modal value exists for the 
calcite within the caprock but all 3 measurements fall between 86 and 101°C, 
comparable with the data for the other calcites. With reference to the present day 
reservoir temperature (97C), the majority of data measured in Calcite 1 and 4, is 
cooler than the present day reservoir temperature, with most values no more than 
15°C below. In Calcite 4 this may be an artefact due to the presence of hydrocarbons, 
resulting in a shift to lower temperatures, however primary petroleum inclusions in 
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calcite 1 are rare. In Calcite 1 only 22.5% of data are above the present day reservoir 
temperature. In Calcite 4 this figure drops to 185ro, in comparison 40% of the data 
measured for Calcite 3 is above the present day reservoir temperature. Of the 
inclusions measured in celestite, 947o recorded a homogenisation temperature above 
present day reservoir temperature. The results of the homogenisation temperatures 
within aqueous inclusions suggest that Calcite 3 and celestite both present within 
Fracture Type 3 precipitated from a slightly warmer fluid than that responsible for 
the precipitation of Calcites 1 and 4. 
The fractures in the Machar reservoir formed during the mid Miocene (see 
discussion chapter), the burial depth of the reservoir at this time was less than 1km 
(Figure 5. 5). The estimated temperature of the reservoir during burial at mid 
Miocene (15-2OMa) reflects the burial depth, and the temperature anomaly caused by 
the salt. The temperature anomaly caused by the salt today is approximately 30°C 
(burial depth less than 2km = maximum temperature of 70°C (35°C/km, geothermal 
gradient in Central North Sea) minus actual burial temperature, 97C). This 
temperature anomaly of 30°C is added on to the burial temperature in the Miocene, 
established using the geothermal gradient of the North Sea. We would therefore 
expect the calcites within the fractures to have maximum homogenisation 
temperatures of approximately 65°C (35°C from burial and 30°C from the salt), if they 
formed during the Miocene. The majority of temperatures measured within primary 
inclusions within all Calcites 1, 3 and 4 and within the caprock are above this range 
(97% above for Calcite 1, 807o above for Calcite 4, 1007o above for calcite within the 
caprock, 100% above for celestite within the caprock, 1007o for celestite within the 
fractures, 947o for Calcite 3). There are two possible explanations for these results: 1) 
the fluid inclusions have stretched and leaked during subsequent burial and now 
represent today's burial temperature. 2) The calcites formed from a warmer fluid 
entering the reservoir. 
Stretching or leaking of inclusion 
The homogenisation temperatures (Th), presented are measurements of the 
minimum value for trapping of the inclusion fluids. The actual trapping temperature 
(Tt) is unknown. The reliability of the measured values depends on whether the fluid 
inclusion has undergone natural stretching or leakage before the sample is collected 
(Emery and Robinson 1993). If leaking or stretching has occurred the homogenisation 
temperatures will not reflect the original conditions of trapping. This is because one 
of the key assumptions of fluid inclusion interpretation (constant density since 
trapping) will not hold (Emery and Robinson 1993). Stretching or leaking of fluid 
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inclusions will occur, if the volume of the cavity, and therefore the fluid density 
changes (stretch), of if there is a gain or loss of fluid to or from the inclusion (leakage) 
(Emery and Robinson 1993). These processes may be accelerated with an increase in 
temperature (Robinson et al., 1992b) (Figure 3. 60 from Emery and Robinson 1993 
helps explain why this is the case). The effects of stretching and leaking means that 
homogenisation temperatures measured do not provide reliable information about 
trapping temperatures (Burruss, 1987; Prezbindowski, and Tapp, 1991). Stretching 
and leaking are particularly common in calcite (Comings and Cercone, 1986; 
Goldstein, 1986; Prezbindowski and Larese, 1987; Baker and Halley, 1988). The 
similarities between temperatures recorded within the calcites and the present day 
reservoir temperature (majority of data within 15°C of the reservoir temperature) 
suggests that these inclusions could have stretched or leaked (Jourdan et al., 1987; 
Walderhaug, 1990), and their temperatures resemble a burial temperature rather than 
a formation temperature. In order to examine this possibility, two different minerals, 
precipitating at different times, in the same fracture were compared. If resetting had 
occurred similar temperatures would be expected in both minerals. Both celestite and 
calcite precipitate within Fracture Type 3 (Well 23/26a-13: 2046.55m, core depth), we 
know from petrographic evidence that celestite postdates calcite precipitation 
(section 3.2.9). The homogenisation temperatures, measured within these two 
different minerals, within the same fractures record this difference. Celestite, which 
post dates calcite precipitation, has much higher homogenisation temperatures than 
calcite, (787o of the data is lower than the lowest measurement made on celestite and 
the present day reservoir temperature) (Figure 3. 61). This evidence suggests that the 
fluid inclusions measured within the calcite, have not undergone stretching and 
leakage, if this were the case we would expect the homogenisation temperatures to 
be very similar. 
Further evidence against leaking and stretching of the inclusions can be 
found within the petroleum inclusion data set. All minerals studied contain primary 
petroleum inclusions. Homogenisation temperatures for primary, and pseudo 
secondary petroleum inclusions range from 50°C (Calcite in cap rock) to 120°C 
(Calcite 3). The modal values for homogenisation temperatures within primary, and 
pseudo secondary fluid inclusions are, between 96 and 100.9°C in Calcites 3, 4, and 
celestite within the caprock, and 76-80.9°C in anhydrite within the caprock. There are 
strong temperature similarities within primary, and pseudo secondary petroleum 
inclusions, and primary, and pseudo-secondary aqueous inclusions. The temperature 
similarities in the two data sets suggest that the fluids have not leaked, and re-
equilibrated to the same trapping temperature. If the trapping temperature for 
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petroleum, and aqueous inclusions were similar, their homogenisation temperature 
distributions would be different because of the greater compressibility of oil (Emery 
and Robinson 1993). Homogenisation temperatures of petroleum inclusions tend to 
be much lower than their trapping temperatures. Isochores for petroleums are not as 
steep as those of aqueous fluids and, as a consequence, the pressure correction tends 
to be quite substantial, frequently many tens of degrees Celsius (Emery and 
Robinson, 1993). The fact that the aqueous and petroleum primary, and pseudo 
secondary inclusions have similar homogenisation temperatures rules out stretching 
or leakage of inclusions. The aqueous homogenisation temperatures would be much 
hotter than the petroleum at the same trapping temperature. It is concluded that the 
fluid inclusion temperatures within Fracture types 3, 4 and celestite are reliable 
measurements of paleotemperature. Calcites within Fractures 3 and 4 and later 
celestite grew as a consequence of warmer fluids ascending to the reservoir. Due to 
the precipitation of Calcite 1 prior to this event, we cannot rule out the possibility 
that the inclusions within Calcite 1, which formed during burial, were not affected by 
the later warm fluid ascension event. In fact the combination of knowledge that 
Calcite 1 formed during early burial at 600-1000m, yet the homogenisation 
temperatures measured within Calcite 1 are close to the present day reservoir, 
strongly suggests that the inclusions within Calcite 1 may have stretched or leaked. 
Warm fluid ascension 
The mineral assemblage of saddle dolomite, barite, celestite and fluorite within 
Fracture Type 3 are often suggested to be signatures of hydrothermal fluids, 
especially saddle dolomite. It is therefore possible that the fluid responsible for 
precipitation of Calcite 3, 4 and celestite was sourced externally from the reservoir, 
deeper in the basin. Its burial depth would dictate the fluid temperature. As this 
fluid travels to the reservoir, it retains its heat and causes celestite and calcite to 
precipitate within the fractures. Knowing that the precipitation of celestite, barite, 
and fluorite represent the last diagenetic phase in the fractures, and the temperatures 
recorded for celestite precipitation, are higher than the maximum burial temperature 
we can feel confident that the fluid responsible for celestite precipitation was at a 
minimum of 112°C, a temperature hotter than the in-situ reservoir temperature, at 
the time of formation. The theory of hot water being introduced into a chalk reservoir 
within the North Sea is not uncommon, and evidence for the process has been 
recorded in chalk surrounding the diapir of the Skjold field by Jensemus (1987). The 
positive thermal anomalies associated with salt diapirs due to the high thermal 
conductivity of salts is a well known phenomenon capable of inducing upward 
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migration of water (Price et al. 1983; Bennett and Hanor, 1987; Jensenius and 
Munksgaard 1989). 
3.6.6.2: Final Ice melting temperatures 
The temperature of final melt (Tm) of the last solid phase (ice in these inclusions) was 
below 0°C. This is usually interpretive of depression of freezing point due to NaCl in 
solution (Potter et al., 1978). A simple NaCl system was implied for the majority of 
the data and Tm was converted accordingly using the calculation: 
Salinity (wt%) = 0.044202  = 0.0005570. 
Where 0 is the depression of the freezing point (magnitude Tm ice is depressed 
below 0.0°C) in degrees C. (after Bodnar, 1992; Goldstein and Reynolds 1992). 
The final ice melting temperature, measurements made within the fluid 
inclusion study, can be subdivided into three important groups: 
Relatively low salinity fluids (-2 to -6°C Tm, 3-9 eq. Wt%NaCI.) 
An intermediate group (-6 to -13°C Tm, 9-17 eq. Wt%NaC1.) 
Relatively high salinity fluids (-14 to -22.8°C Tm, 18-24 eq. Wt%NaCl.), 
Final ice melting temperatures in a NaCl system were converted to salinities 
and plotted against homogenisation temperature (Figure 3. 62). The results show a 
wide spread in salinities. The bulk of data for Calcite 1, found in Fracture Type 1, 
associated with bedding stylolites, falls into the low salinity group, (Calcite 1: 4.34 - 
11.58 eq. Wt%NaCI). Low salinity measurements can often be due to the presence of 
hydrocarbons during formation of the cement. However, in calcite 1 primary 
petroleum inclusions were rare, suggesting that the low salinity values in this cement 
are not due to hydrocarbons. Calcite 3, found in Fracture Type 3, related to tectonic 
stylolites, contains a wider range of salinities (3.71-17.78 eq. Wt%NaC1), with the bulk 
of the data falling into the intermediate group. Celestite, found within the same 
Fracture Type has similar salinities (8.0 - 20.4 eq. Wt%NaCl), as those measured in 
Calcite 3, although the temperatures are higher (Figure 3. 62). Calcite 4, found within 
Fracture Type 4, the final fracture to develop, contains salinity measurements 
ranging between 5.26 - 24.6 eq. Wt%NaCl. This is an extensive salinity range, and is 
the only calcite to contain salinities within the high salinity group (Figure 3.62). 
The variations in salinity data suggest changes in the salinity within the 
reservoir as fracture formation progresses. Calcite 1, found in Fracture Type 1, is 
believed to have precipitated early in association with the bedding stylolites, the 
salinity data measured within these fractures is relatively low suggesting that during 
early calcite precipitation, the salinity remained between 3-9 eq. Wt7oNaC1. 
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Calcite 3 
Calcite 3, associated with Fracture Type 3, fractures related to tectonic stylolites, 
marks an increase in salinity and temperature within the reservoir. Salinity increase 
may be created from fluids circulating around the salt dome prior to precipitation of 
calcite. A temperature increase coupled with the mineral assemblage present within 
these fractures is likely to be caused by fluids emerging from deeper in the basin The 
restricted presence of saddle dolomite, celestite, barite and fluorite within these 
fractures, suggests that this was not a matrix reservoir phenomenon. 
Calcite 4 
The results measured within Calcite 4, found within Fracture Type 4, a fracture event 
that postdates both fracture events 1 and 3 confirms the argument that the fluid 
responsible for the precipitation of cements within Fracture event 3 was restricted to 
Fracture Type 3. Although some high salinity measurements and high 
homogenisation temperatures were found within Calcite 4, they co-exist with low 
salinity measurements and low temperatures. If the events responsible for Calcite 3 
were a reservoir phenomenon we would expect to see salinities the same as or 
higher, within Calcite 4, which post dates Calcite 3 precipitation. This is not the case; 
either the reservoir was flushed and cooled after Calcite 3 precipitation, before the 
precipitation of Calcite 4, or Calcite 3 was an event restricted to the fractures. It is 
believed by the author that fluid was restricted to Fracture Type 3, during Calcite 3 
precipitation, with tectonic stylolites acting as channels for fluid focusing. The high 
salinity values within Calcite 4 mark the opening of the entire reservoir to an 
emerging pore fluid from deeper in the basin. The fluid is probably similar to that 
responsible for the precipitation of Calcite 3, however during Calcite 4 precipitation 
the fluid is not restricted to the fractures. It is likely that during Fracture Type 4, 
development, during the main and final movement of the salt, the walls of the salt 
diapir acted as channels enabling the ascension of water from deeper in the basin, to 
enter the entire reservoir. Evidence for the process has been recorded in chalk 
surrounding the cliapir of the Skjold field by Jensenius (1987). This water entering the 
reservoir during Calcite 4 precipitation would mix with the fluid present within the 
pores of the matrix, allowing some cooling of the water and some dilution. However 
significant mixing did not happen to allow the equilibrium of the entering fluid with 
the pore water present in the matrix, causing mixing between the two, illustrated in 
the vast array of homogenisation temperatures and salinities measured within 
Calcite 4, present within Fracture Type 4. 
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Further evidence for the incoming of a highly saline fluid into the Machar 
reservoir after the formation and filling of most of the fractures can be found within 
an article on the present day formation waters on the Machar field (Smalley and 
Oxtoby 1992). Smalley and Oxtoby (1992) extracted present day pore waters directly 
from newly retrieved core samples (Well 23/26a-13). The core was then centrifuged 
to extract the oil and water. The extracted water was analysed for ion concentrations 
using ICP-AES and ion chromatography. It was found that total salinity within the 
core ranges from 140,000 to 220,000ppm. 'The salinity results from the present day 
pore waters are more saline than the majority of fluid inclusions (7,000-240,000ppm)' 
(Smalley and Oxtoby 1992). The results of this study are important for two reasons; 
1) The results support the results of the fluid inclusion study within this chapter, in 
that the introduction of a saline fluid into the reservoir occurred after the formation 
and precipitation of most of the fractures (1-3). 2) The wide salinities within the 
present day formation waters suggests that oil charge to the reservoir 'freezes in' the 
salinity of the water it traps, providing evidence that oil charge into the reservoir 
occurred before equilibrium of saline fluid and original pore water. 
3.6.6.3: Caprock formation 
The formation of the caprock, probably occurred subsequent to fracture formation 
and filling, circulating water around the margins of the caprock causing the 
dissolution of halite, and anhydrite, celestite and calcite to precipitate. It has been 
shown in other active salt areas that dissolution of salt from salt domes by circulating 
waters precipitates anhydrite or gypsum on top of the salt dome forming a cap rock 
(Dutton and Kreifler 1980; McLeod 1960). 
3.6.6.4: Petroleum Inclusions 
Petroleum fluid inclusions within all fracture calcites and celestite suggest than these 
minerals formed in the presence of petroleum. However the presence of secondary 
petroleum trails within the fracture forming minerals, combined with the increase in 
maturity in the petroleum measured within the caprock minerals (Section 3.3.6.5, 
next), and the increase in salinity, within the matrix, when compared to the fractures 
suggests that the petroleum migration that occurred during fracture cement 
precipitation, was not responsible for the final matrix filling of the reservoir. 
Variations in the salinity data within the matrix measured by Smalley and Oxtoby 
(1992), suggests that the high salinity fluid entering the reservoir during Calcite 4 
precipitation did not have sufficient time to equilibrate within the reservoir, 
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suggesting that oil charge quickly followed this salinity event, 'freezing' the 
variations in salinity. 
3.6.6.5: Ultraviolet fluorescence (UVF): 
BP undertook the UVF study on Calcites 1, 3 and 4, and celestite in Fracture Type 3 
and on calcite, celestite and anhydrite found within the caprock. Measurements of 
UVF within fluid inclusions are based on the principle that organic compounds 
(aromatic compounds) fluoresce, with a colour related to their composition 
(maturity) (Emery and Robinson 1993). The colour recorded is within a spectrum of 
yellow (immature), to green blue and to white (mature). The study of UVF within the 
calcites within Fracture Types 1, 3 and 4 yielded almost identical results. 89.7% of 
primary, and pseudo secondary inclusions measured from Calcite 3 were greenish-
yellow to white. In Calcite 4, 83% of primary, and pseudo secondary inclusions, fell 
into the same category. In Calcite 1 and celestite present within Fracture Type 3 all 
primary, and pseudo-secondary inclusions were greenish-yellow-white. 
In contrast to these results UVF of petroleum measured within calcite, 
celestite, and anhydrite all present within the caprock on the Machar structure, 
shifted towards the blue end of the spectra. All primary, and pseudo secondary 
inclusions measured were, green blue, blue green, or blue. BP frequently measured 
blue fluorescing inclusions, within secondary inclusions measured in Calcite 4 (8% 
blue/blue-white), and calcite within the caprock (33% blue). While observing the 
fluoresce colours within the petroleum inclusions, BP used a spectrometer attached 
to the microscope to record the UVF spectra emitted by the inclusions (Figure 3. 63). 
The spectra recorded for the inclusions with dominant colour green, were quite 
different for the inclusions with dominant colour blue, although the main peaks 
occur at the same wavelength. Further analysis on the petroleums was carried out 
using gas chromatography-mass spectrometry. The results of this study showed that 
the blue fluorescing petroleum was more mature, generated from a source rock at 
higher temperature. A shift towards the blue end of the spectrum with increasing 
maturity has been noted in other studies (Hagemann and Hollerbach, 1986; 
McLimans, 1987). Using the knowledge gained from the BP UVF study combined 
with gas chromatography, the results suggests that, the caprock formed in the 
presence of more mature petroleum. If the Machar reservoir is fed from the same 
source this provides evidence that the cap rock formation occurred after fracture 
filling cementation. 
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Figure 3. 60: Diagram illustrating why fluid inclusions in diagenetic minerals tend to 
stretch or leak: An inclusion of density 0.90g. cm -3 trapped in a mineral cement In 
porous sediment at a pressure of 57MPa (point T). The P-T path followed by the fluid 
Inclusion in the sediment pores during burial is calculated assuming hydrostatic 
pressure and a geothermal gradient of 30°C. Km -1 . After 0.5km of further subsidence, 
the pore pressure in the sediment will have increased to about 63MPa. The pressure in 
the inclusion, however, is constrained to follow a constant density isochore as 
temperature increases. For aqueous fluids (though not for petroleum), these isochores 
are steep relative to the P-T path followed by the fluid in the pores. The result of even a 
small amount of heating beyond the trapping temperature Is therefore a large 
differential pressure between inclusion and pore. In the example above, just 15°C of 
overheating (0.5km of additional burial) leads to a differential pressure of about 25MPa. 
If this exceeds the strength of the mineral, non-elastic deformation of some kind will 
result. The inclusion may even re-equilibrate with that in the pores, reducing Its density 
(from 0.90-0.87g.cni4  in the above example). The homogenisation temperature 
measured for this inclusion would bear no systematic relationship to the trapping 
temperature. (Text and Diagram from Emery and Robinson 1993). 
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Histogram of Homogenisation temperatures (Th) measured in aqueous fluid inclusions 
in Celestite and calcite from the same fracture (Primary inclusions no secondary) 
12 




Th Temperature ( °C) 
Figure 3. 61: Graph illustrating evidence that the inclusions found within the fractures 
on Machar have not leaked. Homogenisation temperatures measured within celestite 
and calcite both occurring in the same fracture; show that the later diagenetic phase, 
celestite has the hotter homogenisation temperatures. If these inclusions had 
stretched or leaked we would expect the homogenisation temperatures measured 
within calcite to resemble those measured within the celestite. Data from sample: Well 
23123a-13, 2046.55m (core depth). 
171 
Chapter III: Fracture Dia genesis 
Homogenisation temperature (Th) versus salinity measured in aqueous fluid inclusions 
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Figure 3. 62: Temperature measured from homogenisation temperatures (Th) in 
primary and pseudo-secondary aqueous fluid inclusions versus salinities converted 
from Final Ice melting temperatures (Tm) measured in aqueous fluid inclusions in 
calcites (1-4) and celestite in Fracture type 3. Calcite 1, the earliest calcite precipitated 
from a fluid of relatively low salinity (4.34 to 11.58 eq. Wt%NaCl). Calcite 3, found in 
Fracture Type 3, related to tectonic stylolites, contains a wider range of salinities (3.71-
17.78 eq. Wt%NaCl), with the bulk of the data falling into an intermediate salinity group. 
Celestite, found within the same Fracture Type has similar salinities (8.0 - 20.4 eq. 
Wt%NaCI), as those measured in Calcite 3, although the temperatures are higher. 
Calcite 4, found within Fracture Type 4, the final fracture to develop, contains salinity 
measurements ranging between 5.26 - 24.6 eq. Wt%NaCl. This is an extensive salinity 
range, and is the only calcite to contain salinities within a high salinity group. The wide 
range of salinities measured within this fracture represent mixing between a high 
salinity fluid entering the reservoir and the pore fluid within the reservoir. 
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Figure 3. 63: UVF spectra of petroleum fluid inclusions In diagenetic celestite, Machar 
Field: While observing the fluorescence colours within the petroleum inclusions, BP 
used a spectrometer attached to the microscope to record the UVF spectra emitted by 
the Inclusions. The spectra recorded for the inclusions with dominant colour green 
were quite different for the inclusions with dominant colour blue, although the main 
peaks occur at the same wavelength. Further analysis on the petroleums was carried 
out using gas chromatography-mass spectrometry. The results of this study showed 
that the blue fluorescing petroleum was more mature, generated from a source rock at 
higher temperature (Diagram and explanation from Emery and Robinson 1989) 
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3.7: Conclusions from Chapter III 
4 different fracture types have been discovered within the Tor Formation on 
the Machar field 
• Of these, the first to form was Fracture Type 1, relating to bedding stylolites. 
This fracture is filled with Calcite 1. ô 13C values within this calcite (+ 2.0 to + 
2.3) are similar to the values measured in the matrix chalk (+ 1.5 to + 3.0), 
suggesting that the calcite formed in a rock-dominated system. Sr/Sr 
(0.7078 to 70787) values within Calcite 1, also similar to the matrix values 
(0.70770-0.70791) supports the theory that this calcite precipitated out of the 
matrix chalk. Negative 6' 80 values measured in Calcite 1 are explained by 
temperature fractionation during precipitation. 
• Fracture type 2, the second fracture to form, is filled with Calcite 2, 6 13C 
values within this calcite (+ 3.6 to + 5.9 %o  PDB), more positive than the 
matrix values (+ 1.5 to + 3.0 %o PDB), marks the opening of the reservoir to an 
external fluid. 
• Fracture type 3 is filled with Calcite 3, which precipitated from an external 
fluid that restricted its migration between tectonic stylolites. Calcite 3 is 
replaced by saddle dolomite, celestite, barite and fluorite. The presence of 
these minerals within Fracture Type 3 is a signature of the exotic nature of the 
fluid travelling through the tectonic stylolites. Th measured in Calcite 3(89°C 
average) and celestite (106°C average) within Fracture type 3 indicates that 
the fluid is hydrothermal at the time of precipitation with respect to the 
reservoir it's entering (< 70°C estimated temperature of reservoir at time of 
precipitation). Salinity data in celestite and Calcite 3 (average of 11.46%) 
increase with respect to Calcite 1 (average of 7.729vo'), indicating to migration 
of fluid around the salt dome prior to precipitation. Ô13C values (+ 3.0 to + 6.9 
%o PDB) more positive than the matrix (+ 1.5 to + 3.0 %o PDB) and O 18O values 
(-10.3 to -14.2 %o PDB) more negative than the matrix (-4.0 to -7.1 %o PDB) 
measured in Calcite 3 support the theory of warm, external fluid being 
responsible for Calcite 3. 87Sr/Sr isotope values cement this hypothesis. Both 
Calcite 3 (0.70787 to 0.7084) and Celestite (0.70789-0.70797), within fracture 
type 3 contain Sr/Sr isotope signatures more radiogemc than the chalk 
matrix (0.70770-0.70791) and underlying Zechstein evapontes (0.70706-. 
0.70759). 
• Fracture type 4, the last fracture to form marks the opening of the entire 
reservoir to an external fluid. In contrast to calcite 3, which precipitated in a 
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water-dominated system, Calcite 4 represents the mixing of incoming basinal 
brine with the interstitial pore waters. O 13C (+ 2.7 to + 4.3 %o PDB) and 6' 80 (-
7.6 to -11.6 %o PDB) values lie between matrix and Calcite 3 values 
suggesting mixing. Sr/Sr isotope values (0.70792 to 0.7083) more 
radiogemc than the matrix support the external fluid theory and a wide range 
of salinity values (5.26-24.60 wt % NaCl eq.) measured within Calcite 4 
highlights interaction with the salt dome prior to precipitation. 
• Salinity measurements on present day pore waters (14 to 22 wt % NaC1 eq), 
most of which are more saline than measurements made on calcites 1-3, but 
similar to the higher values in Calcite 4 support the theory that Calcite 4 
marks the opening of the entire Tor reservoir to external fluid flow that 
migrated around the salt diapir. 
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Fracture Type 1 Fracture Fracture Type 3 Fracture 
Type 2  Type 4 
Association Tension fractures Fractures Fracture fills relating Tectonic 
associated with containing to tectonic stylolites fractures 
bedding stylolites crack sealing devoid of 
calcite  stylolites 
Main Infill Calcite 1 Calcite 2 Calcite 3 Calcite 4 
cement 
Other cements Saddle dolomite 
celestite, barite and 
fluorite  
Cross None-perpendicular to Perpendicular Parallel to tectonic Cross cuts 
cut/orientation bedding to bedding stylolites tectonic 
stylolites 
and facture 2 
Position of Diapir remains Diapir Sediments begin to Main 
diapir buoyant causing remains down build around diapiric 
minor extension. buoyant diapir creating movement. 
Movement of diapir causing extension at crest Diapir 
not necessary for minor pierces 
fracture creation. extension Paleocene at 
the eastern 
part of the 
structure 
Timing/relation During early burial Forms in the Forms in the Forms in the 
to oil charge prior to oil charge presence of presence of oil but presence of 
oil but prior prior to main filling oil but prior 
to main of reservoir to main 
filling of filling of 
reservoir  reservoir 
Diagenetic Rock dominated Early signs Open to external Open to 
system that the fluids external 
system is fluids 
becoming 
open  
Average Th in 87.7 89.0 83.4 
aqueous 
inclusions 
Average NaC1 7.72% 11.46% 13.3% 
wt%eq.  
6'O% PDB -8.3 to —10.5 -10.3 to -10.3 to —14.2 -7.6 to —11.6 
—12.2  
813C% PDB + 2.0 to + 2.3 + 3.6 to + 5.9 + 3.0 to + 6.9 + 2.7 to + 
4.3 
Sr/Sr 0.7078 to 70787 0.70787 to 0.7084 0.70792 to 
0.7083 




Petroleum Greenish yellow- Greenish yellow- Greenish 
UVF white  white yellow-white 
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Chapter IV 
Source of fluids responsible for diagenesis of 
the Tor Formation fractures 
Chapter objective 
The main conclusion within Chapters II and III is that matrix diagenesis and 
precipitation of Calcite 1, within Fracture Type 1 occurred in a rock-dominated 
system. Precipitation of Calcites 3 and 4, celestite, and saddle dolomite occurred in a 
water dominated system, when an additional basinal fluid entered fractures in the 
Tor Formation on the Machar structure. This chapter discusses the possible origins of 
this fluid. Possible mechanisms of fluid flow and relative timing are also discussed. 
The volume of fluid flux to the Machar structure is calculated. 
Introduction 
Fluids can be static, or can move short or long distances in sedimentary basins, the 
movement of hydrocarbons from source to reservoir, and the movement of 
hydrothermal fluids within sedimentary rocks creating Mississippi Valley Type 
(MVT) mineralisation producing Pb, Zn ore deposits, provides evidence of mass flux 
of fluids through rocks. The processes, which drive the fluid motions, are complex 
and the ability of a fluid to carry the solutes necessary for the precipitation of mineral 
assemblages to an external sink is intricate. The data presented and discussed within 
Chapter 3 on the fracture filling cements strongly suggests that Calcites 3 and 4 and 
saddle dolomite and celestite all precipitated from a parental fluid derived externally 
from the reservoir. The presence of oil within the Machar reservoir provides further 
evidence that the reservoir was open to external fluids. The source of the Machar 
hydrocarbons is the Jurassic Kimmeridge Clay (BP); therefore a fluid migration route 
between the Jurassic and Machar reservoir must have been established. It is 
reasonable to suggest that the fluid responsible for the fracture filling material may 
also be sourced within the Jurassic, or from this depth at least; the presence of oil 
inclusions within the fracture filling cements strongly suggests that the precipitation 
of these cements is linked with oil charge. It is likely that the parental fluid 
responsible for the precipitation of Calcites 3 and 4, saddle dolomite and celestite 
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used the same fluid pathway as the hydrocarbons. An established burial curve of the 
underlying Jurassic (Figure 5. 5) provides evidence that the Jurassic would be within 
the temperature window required to generate an ore bearing fluid between 85-100°C 
during the mid Miocene (20-15 Ma). Knowing that fluids have migrated from the 
Jurassic strata to the Cretaceous, and knowing that the fluid responsible for fracture 
filling cements moved at a similar time to oil migration (evident from primary 
petroleum fluid inclusions) it is reasonable to predict that the source of fluid 
responsible for the precipitation of Calcites 3 and 4, saddle dolomite, celestite, barite 
and fluoride lies within the Jurassic. Other deeper reservoirs such as the Triassic may 
also be a source of fluid for the fractures, however there is no way of constraining 
this, what we do know is that hydrocarbon charge originated in the Jurassic so the 
potential for additional fluid to come from this depth is strong. We also know that 
the source of the fluid is not restricted to the reservoir itself. The Cretaceous 
sediments below the Tor reservoir could be potential sources for the fracture filling 
fluid, however if this were the case we would expect less variation in the 6 13C isotope 
values so that they represent original chalk values. Also, the Hod Formation below 
the Tor reservoir acts as a regional seal in the Central North Sea, to migrate through 
this seal would take time, allowing the fluid to equilibrate with the formation water 
it passes, therefore the temperature and as mentioned above the isotopic signature of 
the fluid would be similar to the fluid its passing through. Temperatures above 100°C 
in the fractures within the Tor formation do not support this argument. 
This chapter will now investigate additional information available to 
support the origin of the fluid within the Jurassic. 
4.1: Mechanisms for fluid flow 
Clues exist from the fractures within the chalk that will help deduce the mechanisms 
for fluid flow. We know that the cements are restricted to the fractures therefore the 
mechanism of transport of the fluid is therefore unlikely to be lateral migration via 
diffusion through the matrix. Cements with different isotope signatures than the 
matrix and a variety of exotic mineral assemblages within Fracture Type 3, show that 
the tectonic stylolites play an important role in fluid flow. Pre-existing stylolites may 
act as fluid pathways for the fluid opening as the geopressured fluid migrated to the 
surface. The association of stylolites and fracture creation has helped to place some 
relative timing on when the fluids moved to the Machar structure (see discussion 
later). Brecciation present within some of the fractures may be caused by hydraulic 
fracturing (Figure 4. 1) and may provide some evidence to the nature of the fluid as it 
enters the chalk. Hot temperatures (>100°C) measured in fluid inclusions suggest 
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that the fluid migrated rapidly and retained its temperature until precipitation. If the 
fluid originates from below the chalk matrix, it must first have broken the effective 
Hod Formation seal below the Tor Formation, this will have required a major 
tectonic event or the opening of a restricted migration route. 
There are four principal mechanisms of fluid flow within the rock system: 1) 
Topographically driven recharge, 2) Buoyancy forces due to salinity and 
temperature, 3) Seismic pumping and 4) Compaction and dewatering. 
Topographically driven flow relies on a hydraulic head produced by topography, is 
pervasive through the upper crust but will not affect deeper buried sediments. 
Buoyancy forces as a mechanism of fluid flow are created by changes in 
salinity and or temperatures. These changes generate lateral gradients in the 
hydraulic head, which drive fluid flow. Both these processes are unlikely as the 
mechanism of fluid flow from the Jurassic to the fractures on the Machar structure. 
Buoyancy forces tend to produce low flow rates (0.01m/yr) (Nunn 2003). Over 
geological time these rates may be significant, but a slow flow rate that interacts with 
the rock column from source to sink is likely to precipitate minerals out of solute en 
route. The fluid would also cool as it slowly rises. Within the fractures on Machar we 
have a hot fluid that only precipitates within the fractures, not by slow transfer 
through the rock column. 
Compaction of sediments is a common mechanism, which drives fluid flow 
within a sedimentary basin. As pore spaces collapse under sediment-loading water 
trapped within the space is expelled upwards and outwards. The rate of expulsion is 
dependent on the rate of sedimentation. However very rapid sedimentation may not 
be meet with rapid expulsion and overpressure can form within the sediments. The 
presence of overpressure within the Jurassic sediments of the Central North Sea (see 
section 4.7.2) suggests that rapid expulsion of water from sediments was not 
occurring within this area and can be discounted as a mechanism for fluid flow to 
Machar. The compaction flow velocities for sediment loading are low (Max 0.005 
m/yr) (Nunn 2003), and the same arguments exist against this type of flow as given 
for buoyancy driven mechanics. 
Seismic pumping as a mechanism for fluid flow is created due to changes in 
regional stress. Fractures and faults become open and fluids may be removed in a 
short time frame from source to sink. Combining the fact that mineralisation on 
Machar is restricted to the fractures, associated with a structural high, and as an 
event it is likely to have occurred during the Miocene, during salt movement, 
suggesting major tectonic changes in the stress regimes; then seismic pumping 
through faulting is the most likely mechanism for fluid flow. This mechanism 
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causing fluid flow has been noted within the Eugene Island 330 field, offshore 
Louisiana (Figure 4. 2). Migration of hydrocarbons has occurred from deeper depths 
(Anderson 1993). Within the geopressured turbidites of the sub-salt play, formation 
pressures increase until fracture-reopening stresses were periodically overcome in 
the fault zones that connect into the reservoir chambers. At that time, large volumes 
of hydrocarbons were released rapidly in transient bursts towards the surface, and 
then the faults close up. Oil is expelled up the fault zones, but then the very act of 
releasing the fluid drops the pressure and the faults become tight again (Anderson et 
al., 1994). This model of stress release envisaged for the migration of hydrocarbons in 
Eugene Island could be equally plausible for the movement of fluid from the 
underlying Jurassic to Machar, although the build up of pore pressure to reopen 
fractures is not required within the Jurassic-Machar model. A regional tectonic event 
responsible for the final movement of salt would be sufficient to create a passage 
between the Jurassic and Cretaceous Tor Formation chalks, causing fluids to move 
rapidly into the chalk. 
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Figure 4. 1: Fractures showing evidence of brecciation. This brecciation may be 
caused by hydraulic fracturing, evidence of rapid vertical migration to the Machar 
structure. Each picture is 1.5cm in diameter (short dimension). 
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Figure 4. 2: Model of migration within the Eugene Island 330 field, offshore Louisiana. 
Migration of hydrocarbons has occurred from deeper depths; formation pressures 
Increase until fracture-reopening stresses are periodically overcome in the fault zones 
that connect Into the reservoir chambers. At that time, large volumes of hydrocarbons 
were released rapidly In transient bursts towards the surface, and then the faults close 
up. Oil was expelled up the fault zones, but then the very act of releasing the fluid 
drops the pressure and the faults become tight again (Diagram from Anderson et al., 
1994). The large green and charcoal columns are two separate migration pathways that 
are discernible in seismic data by Texaco 1998 (red) and Pennzoil 1985 (green) White = 
salt, 
4.2: Other evidence for fluid being sourced from the Jurassic: 
4.2.1: Kaolinite cements present within fractures on the Machar 
structure 
Maliva et al. (1999) identified kaolinite cements in trace quantities (calculated at less 
than 1% volume of rock) within the Machar fractures. The presence of kaolinite 
within chalks is unusual due to the very low concentrations of dissolved aluminium 
in pore waters within chalks. An absence of relicts of a precursor mineral phase is 
evidence for a cement origin rather than a replacive or detrital origin, and suggests 
that these cements also have a source external to the chalk. Kaolinite cements fill 
some tensional fractures that originated at stylolites, which is evidence that kaolinite 
precipitation succeeded at least some stylolitisation. Maliva et al., (1999) suggests that 
organic acids from maturation of organic matter, aid aluminium mobility and 
account for the presence of kaolinite within the fractures, its original source being 
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derived from deeper in the basin. It was initially proposed that, based on Maliva et 
al., (1999) findings, the author would undertake further analysis on the kaolinite. A 
detailed petrographic study of the fractures, clay mineral separation procedures, 
XRD analysis, and communication with Maliva on the location of the clay, failed to 
identify any kaolinite. Element mapping of a fracture Maliva believed to contain 
kaolinite did identify other clays but not kaolinite (Figure 4. 3). This leads the author 
to believe that the volume percentage of kaolinite present within these fractures is 
even less that the 1% vol. identified by Maliva et al. (1999), or these authors had 
previously extracted all the kaolinite from the samples. It is also possible that the 
identification of kaolinite within fractures, associated with stylolites (areas of 
increase amounts of insoluble residues (Al K and Si0 2)), might cause the localised 
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Figure 4. 3: Element distribution maps illustrating the presence of aluminum potassium 
and silicon within the Machar fractures. Hot colours (reds and yellows) represent high 
concentrations of individual elements. For example silicon, potassium and aluminum 
are all present in high concentrations within the fractures, relative to the chalk matrix. 
Calcium Is present in much higher concentrations in the chalk matrix relative to this 
fracture. (Sample from 23/26a-13, 2723m-core depth). 
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4.2.2: K-Feldspar dissolution in the Upper Jurassic Erskine Formation. 
Oxtoby and Robinson (1988) identified that for a pore fluid capable of precipitating 
celestite when it comes in contact with anhydrite, it requires a high concentration of 
Sr (see next section). Maliva et al., 1999 identified diagenetic kaolinite within 
fractures within the Tor Formation. One way to achieve a pore fluid with high 
strontium concentrations and capable of producing diagenetic clays is through the 
dissolution of significant amounts of feldspar. Work at the University of Edinburgh 
by Haszeldine and Wilkinson has identified up to 15% secondary porosity present 
within the deep Jurassic sands of the Fulmar Formation (Haszeldine et al. 1999; 
Wilkinson et al. 1997). The secondary pores have been created through the 
dissolution of potassium feldspars and the pore space preserved during subsequent 
diagenesis (Haszeldine et al. 1999). When feldspars dissolve, sodium, potassium, 
silicon and aluminium are released into the pore fluid. These products generally 
form authigenic clays: 
2KA1Si3O8 + 2H2CO3  +9H20 =2K (.q)+  Al2Si2O5(OH)4 + 4H4SiO4 + 2HCO3 
(Giles & De Boer, 1990). 
Loss of potassium feldspar in the Jurassic Fulmar sands is not matched by growth of 
authigenic clays or feldspars (Haszeldine et al. 1999). McLaughlin et al. (1994) noted 
that authigenic kaolimte is only rarely observed in secondary pores in association 
with relict grains of feldspar in the South Brae sandstones. Nedkvitne and Bjorlykke 
(1992) made similar observations in the Etive Formation. Haszeldine et al., (1999) 
suggests that the above examples show a lack of mass balance between dissolution 
and precipitation, and this is evidence that material has been removed in solution 
from the sandstones. The material removed in solution is focused through 
structurally controlled leak off points, causing kaolinite to precipitate 
stratigraphically higher. 
Support for the Haszeldine et al., (1999), theory of migration of hot fluids 
from deeper in the basin to points stratigraphically higher, is abundant. Macaulay et 
al., (1997) recorded vein mineralisation within the Fulmar oil field resulting from 
cross-formational flow of warm fluids from depth through the Zechstein and into the 
Jurassic succession over 600-2000m. Burley et al., 1989 identified cements with 
significantly high temperatures adjacent to major fault planes, strongly suggesting 
that the faults were conduits for migrating hot fluids. Wycherley et al. (2003) 
identified hot fluid migration in the Britannia Field, UK North Sea as a result of the 
growth of the Andrew salt dome. Quinn (2004 pers. comm.) identified evidence of 
hot fluid concentrated around onshore faults within the Hopeman Sandstone 
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Formation of the Inner Moray Firth. Jensenius & Munksgaard (1989) identified the 
existence of large-scale hot water migration systems around six Danish diapir fields 
suggesting hot water flushing and migration routes around the salt diapir. Evidence 
of fluids moving at structurally defined locations, within sedimentary basins exists, it 
is therefore plausible that subsequent to feldspar dissolution fluid is expelled from 
the Fulmar sands, moved stratigraphically higher and precipitated as cement. 
Feldspar dissolution within the Jurassic sands of the nearby Erskine field and the 
subsequent removal of this material into Machar would account for the radiogemc 
strontium signatures, high temperatures and 6 180 values present in some of the 
calcite fractures on Machar (see chapter III). The model would also account for the 
presence of kaolinite, as observed by Maliva et al., (1999) within the Machar fractures. 
The problem with the model is the low solubility of silicon, and aluminium in a 
limited pore water budget. 
4.2.3: Celestite precipitation 
Barite and celestite cements identified within Fracture Type 3, within the Tor 
Formation, can be used to help determine the source of fluid responsible for their 
precipitation. Celestite (SrSO 4) is also present within a caprock on the Machar 
structure; isotope analysis on the celestite concludes that the origin of the caprock 
celestite is the same as that within the fractures. The celestite caprock is situated 
immediately above the Zechstein anhydrite, which rests above the salt dome and is 
overlain by the chalk unit (Figure 4. 4). Celestite is a common mineral but usually 
forms a minor component in diagenetic carbonate systems (Boyce et al., 1990; 
Taberner et al., 2002). The formation of celestite and origins are complex due to the 
low solubility of Sr" and (J42  (Brookins, 1988). The unusual presence of celestite 
forming a caprock on the Machar structure, lead to an investigation by BP into the 
origins of the celestite. Oxtoby and Robinson in 1988 produced an in-house report for 
BP on the parameters of celestite precipitation using a series of chemical simulations 
on pore waters from nearby reservoirs. A summary of their results is now presented: 
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Figure 4. 4: Celestite present within the caprock on the Machat structure, immediately 
above the Zechstein anhydrite, which rests above the salt dome and is overlain by the 
chalk unit. (Diagram from Baustad etaL 1993). 
Mechanisms of precipitation of celestite relate to its solubility, in order for celestite to 
precipitate, the solubility product (Ksp) must be exceeded by increasing the activity 
of the dissolved sulphate or strontium (or both) or by changing the temperature or 
pressure. Oxtoby and Robinson (1988) identified seven plausible mechanisms for 
precipitation of celestite above the anhydrite cap rock of the Machar salt dome. 
Heating of water already close to saturation of celestite: celestite solubility 
decreases with increasing temperature (like that of anhydrite). 
Reducing the pressure of a fluid close to saturation. 
Introduction of a water containing sulphate 
Introduction of water containing strontium 
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Introduction of water containing both strontium and sulphate 
Altering equilibria between sulphate species or between sulphide and sulphate so 
as to increase the amount of dissolved sulphate, for example oxidation of H 2S to S042 
Changing the activity coefficients of Sr 2 + S042 by altering the ionic strength of 
the water: celestite solubility shows quite a marked dependence upon ionic strength. 
Oxtoby and Robinson (1988) discounted some of the above mechanisms on 
geological and geochemical grounds. The isotope chemistry of celestite shows that it 
contains Sr 2' and S042 that were derived at least in part from outside the vicinity of 
the salt dome, therefore the sole introduction of sulphate (scenario 3) and the sole 
introduction of strontium (scenario 4) can therefore be excluded as causes of celestite 
growth although scenario 5 the introduction of both strontium and sulphate, remains 
a candidate. Mechanisms involving shifts in equilibria between sulphur bearing 
species are also highly unlikely. H 2S oxidation can be excluded, as there is no 
evidence that sulphide was ever present in the system. (The oil is not sour and 
sulphide minerals are minor). Altering sulphate content by effecting a change in the 
HSO4 / S042 ratio is unlikely to have been possible, because at 100°C, the equilibrium 
between these species lies at pH3. To contain any appreciable amount of HSO 4 at all, 
any incoming formation water would have to have been highly acidic. 
The remaining mechanisms are those involving physical conditions 
(pressure/ temperature) of a water containing strontium and sulphate: changing its 
ionic strength, or raising (Sr) and (SO 42- ) by bringing a strontium and sulphate 
bearing fluid into contact with anhydrite at around 100°C (Th temperature from fluid 
inclusion evidence). 
Oxtoby and Robinson (1988) and later Emery and Robinson (1993) further 
investigated the possible reactions for celestite growth by computation of chemical 
equilibrium in a multi-component system. The programme permits the specification 
of a fluid chemistry, pressure and temperature, and then allows the operator to 
change the equilibrium conditions and observe the consequences: mineral 
precipitation, dissolution, etc. The programme used by BP for such calculations is the 
one developed by the US Geological Survey, PHREEQE (Parkhurst et. al., 1980). 
Oxtoby and Robinson (1988) and Emery and Robinson (1993) investigated the 
consequences as predicted by PHREEQE, of equilibrating formation waters 
measured from boreholes in the Central North Sea close to the Machar field. 
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The calculations were carried out at 100°C (Th temperature from fluid 
inclusion evidence) and at ibar of pressure (it was discovered that simply alternating 
pressure and temperature variations has little effect on the results). Of the 20 waters 
used in the simulation, 12 precipitated celestite upon reaction of anhydrite (Figure 4. 
5). The formation water that precipitated most celestite per unit volume was from 
well 23/26a-7, Erskine field, the closest well to the Machar salt dome (Figure 4. 6). 
The sulphate incorporated in the celestite comes from both the anhydrite that is 
dissolved and also from that carried in the water in solution (as required by the 
celestite isotope geochemistry: section 3.5) in amounts that depend on the original 
sulphate content of the water. The actual quantities of minerals involved are sensitive 
to the strontium content of the initial water. The lower the strontium, the less the 
anhydrite dissolves and the less celestite precipitates. Lower sulphate contents 
favour increased anhydrite dissolution, while having only a small effect on the 
amount of celestite calculated to be precipitated (increasing the amount only 
slightly). 
The results of the celestite study indicate that water from the Jurassic within 
Well 23126a-7 is capable of causing anhydrite dissolution and celestite precipitation. 
The close proximity of this well, and the presence of hydrocarbons from Jurassic 
source rocks within the Machar chalk, provides suitable evidence to support the 
hypothesis that the fluid responsible for fracture filling cements was sourced in the 
Jurassic. The Jurassic rocks nearest the Cretaceous chalk on Machar are those on the 
Erskine field. 
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1/3-3a NOCS 6.3 197 146 
2/1-6 NOCS 6.0 660 489 
7/12-3a NOCS 7.1 625 463 
7/12-4a NOCS 5.3 992 732 
7/12-6a NOCS 1.9 -10 -7 
16/17-7a UKCS 2.3 1117 800 
16/18-Ia UKCS 1.3 68 39 
16/3-? UKCS East Brae 2.0 0 0 
21/1-? UKCS Buchan 4.0 1387 1018 
22/15-1a UKCS 4.9 -229 -221 
22/18-? IJKCS Montrose 2.0 1162 861 
22/18-? UKCS Montrose 2.0 1415 1017 
22/19-la IJKCS 8.9 -715 -529 
22/24a-2 UKCS 3.6 -345 -641 
22/24a-3 UKCS 0.1 -18 -10 
22/24b-5 UKCS 10.2 -2300 -1703 
23/26a-7 
30/16-? UKCS Fulmar 3.0 1061 769 
30/1c-3 UKCS 3.7 125 92 
30/1 c-4 UKCS 0.2 -15 -934 
Figure 4. 5: Results of chemical modeling assessing the possibilities of different North 
Sea pore waters precipitating celestite under reaction with anhydrite. The calculations 
were carried out by PHREEQE at 100°C (FLINC data) and at ibar of pressure (it was 
discovered that simply alternating pressure and temperature changes has little effect 
on the results). Of the 20 waters used in the simulation, 12 precipitated celestite upon 
reaction of anhydrite. The formation water that precipitated most celestite per unit 
volume was from well 23126a-7, Erskine field, the closest well to the Machar salt dome. 
(Results from Oxtoby and Robinson, 1988 and Emery and Robinson 1993). 
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Figure 4. 6: Locations of samples of formation water used in the simulation of celestite 
precipitation. The Erskine water 23/26a-7 closest to the Machar structure precipitated 
the most celestite upon reaction with anhydrite (Diagram from Emery and Robinson 
1993). 
4.2.4: Conclusions 
Simulations of the abilities of different formation waters to create anhydrite 
dissolution and celestite precipitation has identified the formation waters within the 
sandstones on the Erskine field as a likely candidate to provide Sr concentrations for 
the occurrence of the caprock celestite on the Machar structure. This highlights the 
possibility of transportation of material in solution out of the Upper Jurassic Fulmar 
sands making it available for kaolinite and fracture filling cement precipitation 
stratigraphicaJly higher. The identification of authigemc kaolinite in fractures present 
on the Machar structure by Maliva et al., 1999, suggests that Machar has acted as a 
sink for leak-off fluids carrying solutes from the underlying Jurassic sands. Fluid 
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inclusion homogenisation temperatures suggest that the fluid responsible for the 
fracture filling cements within Fracture Types 3 and 4 was hotter than burial 
temperatures of the chalk during the Miocene, when these fractures were believed to 
have formed. Stable and radiogenic isotope signatures confirm the inflow of an 
external fluid. The evidence suggests that Machar has acted as a sink for leak-off 
fluids similar to the model proposed by Haszeldine et al. (1999). This evidence has 
led to an investigation into the nearby and stratigraphically deeper Jurassic sands on 
the Erskine fields as being a suitable supplier of fluids and solutes to account for the 
observations made on Machar. It has already been proven that the formation waters 
within this field are capable of producing celestite within the caprock on the Machar 
structure. An investigation into the Erskine reservoir will now be described; its 
purpose to understand the diagenesis of the field and its reservoir history. This will 
enable the conformation that Erskine is a possible source for the fluid responsible for 
the precipitation of Calcites 3 and 4, saddle dolomite and celestite within the Machar 
fractures. 
4.3: The Jurassic sediments: The Erskine Field 
The Jurassic sediment interval closest to the Machar structure is present within the 
Erskine field. The field is situated 5km, WSW from the Machar structure within 
blocks 23/26b and 23/26a (160 miles east of Aberdeen) (Figure 1. 1). The 
hydrocarbons contained in the field are produced from three separate Jurassic 
reservoirs, The Late Oxfordian Erskine Sandstone (Puffin Formation), the Middle 
Jurassic Pentland Reservoir, and the Late Oxfordian Heather Turbidite Reservoir 
(Coward, 2003) (Figure 4. 7). Three structural blocks are recognised within the field: 
the Main Block, The Beta Terrace, and the Alpha Terrace (Figure 4. 8). All three 
blocks are components of large-scale block rotation associated with Late Cimmerian 
extensional tectomsm (Coward 2003). The field is a high-pressure, high-temperature 
reservoir with a bottom hole pressure of 14,000psi and temperatures of 175°C. This 
section will outline the sedimentlogy, petrography and diagenesis of the producing 
Jurassic sandstones that belong to the Late Oxfordian, Humber Group, Erskine 
Sandstone Formation within the Puffin Formation, in an attempt to determine the 
potential of these sandstones as sources of ions for the precipitation of cements 
within the fractures on the Machar structure. 
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Figure 4. 7: Chrono and lithostratigraphy of the Erskine Field (Coward 2003) 
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Figure 4. 8: Cross-section of the Erskine field illustrating the three structural blocks: 
the Main Block, The Beta Terrace, and the Alpha Terrace. All three blocks are 
components of large-scale block rotation associated with Late Cimmerian extensional 
tectonism (Diagram from Coward 2003). 
4.3.1: Geology of the Late Oxfordian Sandstones 
The Late Oxfordian Erskine Sandstone (Puffin Formation) is part of the Humber 
Group in the Central North Sea (Figure 4. 7). The sediments were deposited during a 
transgressive phase possibly initiated by rising global sea levels (Vail et al., 1977: 
Hallam, 1978). The Erskine Sandstone forms the lower part of the Humber Group 
(Figure 4. 7) and is between 200 and 300 ft thick. This unit consists of fine-grained 
muddy sandstone, deposited in an offshore transition zone setting. The Erskine 
Sandstone typically passes gradationally into the overlying Heather Formation. The 
Heather Formation, a shale above the Erskine Sandstone is of Late Oxfordian age, 
and its thickness is controlled largely by the degree of erosion by the base Cretaceous 
Unconformity. Stratigraphically below the Erskine Sandstone is the Erskine Shale 
Member, highly bioturbated silty mudstones, deposited in an open marine 
environment, and of early-late Oxfordian in age. 
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4.3.2: Detrital Mineralogy 
Three wells were examined on the crest of the Erskine structure in order to 
determine the mineralogy of the sands 23/26b-W1, W2 and W3 (Figure 4. 9). A point 
count study by Thickpenny and Russell (1997) on the Erskine Sandstone in wells WI, 
W2 and W3 was obtained. The thin sections used by Thickpenny and Russell were 
re-examined by the author to confirm Russell and Thickpenny's findings with 
particular emphasis placed on recounting the detrital clays, authigenic clays, feldspar 
and secondary porosity present. The detrital mineralogies of the Erskine Sandstone 
from the Erskine field are relatively uniform over the sampled wells with only 
detrital clays showing significant variations with facies. The sands are dominated by 
quartz, which averages about 55%.  Metamorphic lithic grains are relatively common 
(typically 4-6%) and are always more abundant than plagioclase feldspar (2%).  K-
feldspar is minor to absent in all samples. Some plagioclase grains also show 
evidence of dissolution. Detrital clays are a common component within the sands. 
They are present in varying amounts depending on the facies, with a range between 
16-32%. Illite is the most common clay. The clays are often relatively pervasive, 
coating grains and locally filling primary porosity, and sometimes form distinct clay 
rich seams. Hydrocarbons are often trapped within the clays so that they are often 
difficult to distinguish in thin section from authigenic illite. Muscovite and biotite are 
locally, moderately abundant, both minerals showing compactional deformation. 
There are no demonstrable stratigraphic variations in the abundance of major 
diagenetic components, suggesting that provenance probably remained the same 
throughout the deposition of the reservoir sandstones (Thickpenny and Russell 
1997). 
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Figure 4. 9: Location of Wells 23126b- WI, W2 and W3 on the Erskine structure and 
23/26a-13 and 13z on the Machar structure. (Diagram from Thickpenny and Russell 
1997) 
4.3.3: Diagenetic Mineralogy 
Diagenetic cements and clays average 8-21% within the sample suite. Dolomite and 
illite are the most extensive cements, with minor amounts of authigenic quartz, 
pyrite and calcite. Dolomite cement is common (42%) in some samples but is usually 
patchily distributed and ranges from 0.5-9 1/'o. Dolomite typically occurs as roughly 
grain sized patches, often with a rather anhedral non-ferroan core, surrounded by a 
more euhedral ferroan rim (Figure 4. 10), suggesting that there were two generations 
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of dolomite cement. Illite (0.5-7%) appears as filamentous growths sometimes 
picking out sites of dissolved grains but more often being restricted to pore lines 
between grains (Figure 4. 11). Much of the diagenetic illite probably recrystallised 
from detrital clays or formed as potassium was released from feldspar dissolution. 
Diagenetic quartz (6.57o) in the form of syntaxial quartz overgrowths was present in 
all the studied samples and quantified through optical point counting. In most of the 
samples (Figure 4. 12) it occurs in only minor amounts due to the inhibiting effects of 
the widespread grain coating clays. Pyrite (37o) is present in minor to trace amounts. 
It occurs as small aggregates and micro-nodules of framboids within the detrital clay 
matrix. Hydrocarbons (traces-3.59'o) are present within the sands, in the form of a 
dark brown material trapped within authigeruc and detrital clay micro-porosity. 
Calcite (-0.5%) is present in trace to minor amounts. There are no obvious variations 
in diagenesis between facies. 
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Figure 4. 10: SEM image of dolomite cement. Dolomite cement is common (42%) in 
some samples but Is usually more patchily distributed and ranges from 0.5-9%. 
Dolomite typically occurs as roughly grain sized patches, often with a rather anhedral 
non-ferroan core, surrounded by a more euhedral ferroan rim. The carbonate 
component of the dolomite was probably sourced by organic matter from the 
breakdown of mudstones. Mg could also have come from mudstones or alternatively 
from micas within the sands. The change from non-ferroan to ferroan dolomite 
indicates that pore waters changed through time and there may have been two 
separate generations of dolomite cement. The relative timing of dolomite cement and 
feldspar dissolution is uncertain. The fact that most secondary and oversized pores 
are not filled by dolomite cement suggests that most dissolution probably occurred 
after dolomite cementation. However ferroan dolomite rarely occurs within some open 
secondary pores suggesting that it may have formed after some feldspar dissolution, 
which Is inferred to have been a long duration process. (interpretation from 
Thickpenny and Russell 1997). 
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Figure 4. 11: SEM image of pore bridging Illite. lllite (0.5-7%) appears as filamentous 
growths sometimes picking out sites of dissolved grains but more often being 
restricted to pore lines between grains. Much of the authigenic illite probably 
recrystallised from detrital clays and feldspar dissolution. Widespread Illite formation 
appears to be mainly a late stage process, with much of the necessary potassium input 
probably provided by K-feldspar dissolution (Top diagram Neasham, 1977). 
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Figure 4. 12: SEM image of quartz overgrowths and pyrite. Authigenic quartz (6.5%) in 
the form of syntaxial quartz overgrowths was noted in all the studied samples. In most 
of the samples it occurs in only minor amounts due to the inhibiting effects of the 
widespread grain coating clays. Pyrite (3%) is present in minor to trace amounts. It 
occurs as small aggregates and micro-nodules of framboids within the detrital clay 
matrix. 
4.4: Feldspar dissolution, Secondary porosity, authigenic clay 
precipitation 
Potassium feldspar dissolution has occurred within the Erskine sands 
evidenced by the presence of ghost relic feldspar grains ( 
Figure 4. 13). Feldspar dissolution has created secondary porosity, which is 
still preserved today. Common explanations for the dissolution of feldspar include; 
leaching by CO 2 released from the maturation of kerogen (Schmidt and Mc Donald, 
1979a, 1979b) and the expulsion of acidic pore waters from shales (Irwin and Hurst, 
1983). CO2 derived from the thermal decarboxylation of organic matter is quickly 
converted into carbonic acid, which then lowers the pH of the expelled fluids (Curtis, 
1983). Organic acids created from released CO 2 or expelled from shales are common 
within oil field brines. The acids may enhance the solubility of alumino-silicates 
helping to create secondary porosity (Surdam et a! 1984: Surdam and Crossey, 1985). 
However Bjorlykke (1994) argues against leaching of feldspars by CO 2 suggesting 
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that only a minor amount of released carbonate is capable of neutralizing most of the 
CO2 released from kerogen, even in a kerogen rich source rock (10%TOC). This 
makes it difficult to explain how CO 2 may migrate through source rocks containing 
carbonate, and progress to leach minerals in sandstone. As an alternative theory 
Bjorlykke (1994) believes that thermodynamic instability with burial, coupled with 
thermally increased reaction rates creates dissolution. When the temperature 
increases with burial depth, clay minerals that formed during weathering and early 
diagenesis become unstable. Smectite becomes unstable at 60-100°C and may form 
illite, and also chlorite and quartz (Hower et a!, 1976). Authigenic clay minerals in the 
sandstones will also be subjected to the same instability. Kaolinite becomes 
increasingly unstable between 120-150°C (Hower et al. 1976; Hoffman and Hower, 
1979), and may dehydrate to pyrophyllite when potassium is available: 
3Al2Si2O5(OH)4 + 2K'= 2KA13Si3O10(OH)2 +2W + H20. 	 (1) 
(Kaolimte) 	 (illite) 
This reaction releases protons, lowers the pH, and feldspar may dissolve to provide 
the necessary potassium. 
3KA1Si308 + 2W -+ KAI3Si3010(OH)2 + 6SiO2 + 3H20. 	 (2) 
(K-feldspar) 	(lute) 
Combining the above two equations: 
3Al2Si205(OH)4 + 3KA1Si3O8 = 3KA13Si3O10 (OH) 2+6SiO2+3H20 
(Kaolinite) 	+ (Feldspar) = 	(illite) 
(3) 
Within the sands of the Erskine Sandstone Formation (Figure 4. 7) on the Erskine 
field kaolinite is absent, illite is present (section 4.3.3) and occurs as rims and very 
rarely causes pore bridging. The absence of kaolinite from the Erskine sands may be 
due to the conversion of kaolimte to jute during progressive burial above 100°C. If, 
at the time of feldspar dissolution and subsequent kaolinite formation, temperatures 
were above 170°C (temperature at which kaolinite converts to illite) and a source for 
potassium existed then kaolinite may never have formed. Instead illite would have 
grown and excess potassium may have been required for other clay reactions within 
the abundant detrital clays within the sandstones, for example the transition from 
smectite to illite requires potassium. 
The other possibility for the absence of kaolimte within the samples may be 
due to the removal of aluminium, silicon, sodium, and potassium in solution from 
the sands, immediately after feldspar dissolution, and before the precipitation of a 
new mineral. In order to determine if material has been removed from the sands the 
199 
Chapter IV: Origin of fluid responsible for fracture filling 










Relic K-feldspar grain 
showing twinning. 
Black is pore space. 
Figure 4. 13: Potassium feldspar is minor to absent In all samples (samples between 
4000m and 4100m). Dissolution is evident within the presence of ghost relic feldspar 
grains. The secondary porosity created by feldspar dissolution is still present today. 
Feldspar dissolution probably occurred in response either to instability coupled with 
increased reaction rates at elevated temperatures (Giles and De Boer 1989), or to 
migrating organic acid rich pore fluids (eg Surdam etal., 1984). 
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4.5: Mass Balance: Feldspar dissolution and clay precipitation 
Petrographic study of Wells 23/26b- WI, W2 and W3 on the Erskine crest (Figure 4. 
9), by Thickpenny and Russell (1997) and the present author, has shown that 
significant amounts of secondary porosity has been created within the Erskine 
Sandstone Formation (Figure 4. 15). Secondary porosity is as much as 10% of the 
whole rock volume and up to 50% of the total porosity within the sands (Table 4.1). 
There are no depth trends within the combined data set or within individual wells 
(Figure 4. 15). In order to establish any evidence of exported material from the 
Erskine sands, the mass balance between dissolved feldspar and authigenic illite 
must be quantified. Figure 4. 16 illustrates that in all three individual wells (Wi, W2 
and W3), and within the combined data set, there is a positive correlation between 
dissolution of feldspar and precipitation of authigenic illite. This correlation suggests 
that illite is a by-product of feldspar dissolution. In order to establish the 
relationships between feldspar dissolution and illite precipitation a mass balance 
calculation has been constructed: 
The illitisation reaction used in the calculation reactions is that of Giles and De Boer 
(1990): 
5KAISi3O8 + 4W = KAI 4Si7AI020 (OH) 4+8SiO2+4K 	 (4) 
In this calculation 5 moles of K-feldspar will produce 1 mole of illite. 







K-feldspar 278.3 2.55-2.63 0 
illite 722.6 2.6-2.9 5O 
"Wilkinson and Haszeldine (1996) conservative estimate of porosity in illite 
* From Deer et al. (1982) 
The molar volume of a mineral is given by: 
Molar volume = molar mass! density 
This gives 106-109cm 3 for K- feldspar, 249-278cm 3 for solid illite. Hence 5 moles of K-
feldspar (530-545 cm) will generate 1 mole of solid illite (249-278cm 3). When the 
Microporosity in illite is accounted for; 5 moles of K-feldspar (530-545cm 3) will 
generate 1 mole of point counted illite (488-556cm3). Therefore the ratio of K-feldspar 
dissolution to illite precipitation is 1:1. 
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It would appear therefore from the mass balance calculations that the authigenic illite 
present within the Erskine Sandstone Formation is sufficient to account for the 
amount of dissolved feldspar, calculated from secondary porosity. Figure 4. 16 
illustrates the expected ratios between feldspar dissolution and illite precipitation 
using the equation of Cues and De Boer (1990), within a closed system. The majority 
of data from the Erskine Sandstone cluster around the line indicating that predicted 
amounts of illite formation due to K-feldspar dissolution within the Erskine 
Sandstone has been achieved. Points that fall significantly below the line (ratio > 
1:1.5) may be due to the difficulty in separating illite that has been converted from 
smectite with illite that has been produced from the products of K-feldspar 
dissolution, leading to underestimations in point counting, or potassium being used 
within other clay reactions such as the transformation of authigenic smectite to illite. 
Moreover, the presence of illite and the absence of kaolinite within the 
Erskine Sandstone Formation may provide further evidence that no potassium was 
exported from the sands. If kaolinite had been present removal of potassium from 
the system would have preserved it. This hypothesis was noted in the Jurassic Cam 
Formation in the Haltenbanken (Ehrenberg and Nadeau, 1989; Ehrenberg, 1991; 
Thyne et al. 2000). The onset of illitization in the Garn Formation is abrupt, 
commencing at 3700m burial, samples from above this depth have K- 
feldspar/kaolimte values between 1.8 and 0.9 (mol), meaning that in theory, there 
should be enough potassium available to illitize all the kaolinite. However in the 
upper and lower contacts in the sandstone, surrounded by shale (underlain by the 
Middle Jurassic Not Formation and overlain by the Middle to Upper Jurassic Melke 
Formation), data shows enrichment in kaolinite (or decreased illitization) and no 
porosity change in the potassium leached zones. Thyne et al. 2000 believe that the 
variations in kaolinite and illite at the edges of the Cam Formation are caused by 
diffusion of potassium from the sandstone into the adjacent shale, hence removing 
the potassium supply to cause illitization of kaolinite. Within the Erskine Sandstone 
the absence of any kaolinite may suggest that it has all been illitized meaning that 
potassium from feldspar dissolution remained within the sands. However there are a 
few limitations on the mass balance calculations. The calculation assumes that all 
illite is derived from the dissolution of potassium feldspar; illite may also have 
formed at the expense of detrital clays. The estimated amount of feldspar dissolution 
derived from secondary pores represents a minimum amount of dissolution of 
feldspar. Previous dissolved pores may have undergone some compaction causing 
an under estimation in feldspar dissolution (Figure 4. 17). It is also interesting to note 
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and indicating that sodium, potassium, silicon, and aluminium are mobile on a 
grain-to-grain scale. 
Secondary porosity versus depth for Wells WI. W2 and W3 
secondary porosity (% of whose rock) 












Figure 4. 15: Graph showing variations in secondary porosity with depth. There is no 
correlation with depth in any of the wells (23/26b-W1, W2 and W3) 
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Figure 4. 16: Cross plot illustrating correlation between secondary porosity and 
authigenic ulllte. In all three wells 23/26b-W1, W2 and W3 and within the combined data 
set there is a positive correlation between secondary porosity created by the 
dissolution of K-feldspar and precipitation of authigenic illite. This correlation 
suggests that illite is a by-product of feldspar dissolution. 
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Figure 4. 17: Schematic graph illustrating the underestimation of feldspar dissolution 
during point counting. The estimated amount of feldspar dissolution derived from 
secondary pores represents a minimum amount of dissolution of feldspar. Previous 
dissolved pores may have undergone some compaction causing an under estimation 
In feldspar dissolution. (Diagram from Haszeldine 2003) 
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15892.0 Wi 00 2.5 20 60 4.5 22.0 31.8 
1589685 Wi 0.0 1.5 6.0 10.0 5.0 18.0 32.9 
15902.0 Wi 0.0 1.0 5.5 10.0 5.0 20.0 34.2 
15908.1 Wi 00 3.0 8.0 8.0 6.0 15.0 29 
15913.00 Wi 00 Tr 6.0 6.5 2.5 16.0 24.9 
15923.0 Wi 0.0 1.0 2.0 2.0 0.5 23.0 252 
15937.00 Wi 0.0 3.0 4.5 2.5 2.5 17.0 22 
15947.0 Wi 0.0 1.0 2.0 1.0 1.5 7.9 9.6 
15962,0 Wi 0.0 1.0 5.0 4.0 3.0 15.0 21 
15976.0 Wi 0.0 1.0 1.0 1.5 0.5 31.0 32.4 
15985.05 Wi 0.0 1.0 7.0 1.5 1.5 18.0 20.7 
15999.0 Wi 0.0 1.5 5.0 2.5 2.0 19.0 22.1 
16017.0 Wi 00 1.5 8.0 7.0 7.5 8.3 22.5 
16034.0 Wi 00 3.0 6.0 25 25 17.0 21.1 
16047.0 Wi 0.0 2.0 1.5 2.0 Tr 20.0 20.6 
16054.0 Wi 00 0.5 4.0 2.0 1.0 18.0 19 
16081.9 Wi 00 1.5 Tr 1.0 Tr 21.0 20.8 
15329.1 W2 0 4.0 6.0 4.5 11.5 19.9 
15334.0 W2 0.0 1.5 4.0 6.0 3.5 13.9 21.2 
15339.90 W2 0.0 1.0 40 6.5 4.0 13.6 22.1 
153451 W2 0.0 0.5 5.0 80 5.0 11.5 22.4 
15351.0 W2 0.0 Tr 5.5 6.5 4.0 13.2 21.7 
1535495 W2 0.0 0.5 0.0 1.5 0.1 5.3 6.6 
153590 W2 0.0 0.5 0.0 Tr 0.0 2.0 1.9 
15365.00 W2 0.0 1.5 4.5 6.0 2.5 13.2 21.2 
15369.9 W2 0.0 2.0 5.5 17.5 6.0 2.2 25.6 
15378.0 W2 0.0 2.0 60 10.0 6.5 10.8 27.2 
15383.0 W2 0.0 3.5 10.5 13.5 4.5 9.1 27.1 
15387.00 W2 0.0 1.0 7.0 14.5 3.5 6.5 23.3 
15397.0 W3 0.0 2.0 3.0 6.5 4.5 15.9 24.2 
15401,0 W3 0.0 2.0 6.5 6.0 9.5 17.9 32.8 
15404.85 W3 0.0 3.0 7.0 10.0 95 147 33.9 
15414.0 W3 00 3.5 6.5 7.0 4.5 17.8 281 
15422.0 W3 0,0 2.5 3.0 4.0 4.5 17.9 256 
1543015 W3 0.0 3.5 15 90 8.0 9.0 25.3 
15448.0 W3 0.0 2.5 5.0 7.5 2.0 15.4 23.3 
15465.15 W3 0.0 2.5 45 5.5 6.5 13.9 25.4 
15474.0 W3 0.0 1.0 1.5 4.5 1.0 12.0 16.4 
15478.0 W3 0.0 0.5 2.5 2.0 1.0 6.7 8.9 
15484.0 W3 0.0 2.0 3.5 5.0 3.0 17.0 24 
15495.15 W3 0.0 2.0 4.0 5.0 4.5 14.2 22 
15506.0 W3 0.0 2.5 3.5 2.0 2.5 18.2 20.3 
15518.0 W3 0.0 2.0 0.5 5.5 2.0 14.1 19.9 
15523.0 W3 0.0 5.0 3.0 16.0 5.0 4.5 25 
15532.0 W3 0.0 0.5 5.5 8.5 5.0 11.9 25.1 
15543.0 W3 0.0 1.0 6.5 9.0 5.0 10.6 233 
15556.0 W3 0.0 2.0 0.5 2.0 1.0 19.5 21 
Table 4.1: Results of the point count analysis for Wells 23/26b- Wi, W2 and W3, Erskine 
field. (Data from Russell and Thickpenny 1997) 
4.6: Conclusions 
Mass balance calculations on export of material from the Jurassic Erskine Sandstone 
Formation have concluded that the sands have not experienced major material loss. 
However there are limitations to the mass balance calculation. Independent 
geochemical and petrographic evidence suggests that Macha.r was a sink for leak-off 
fluids. Although unable to prove that material has been expelled from the Jurassic 
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Erskine Sandstone Formation on the Erskine field it still remains a likely source of 
fluid due to the following lines of evidence: 
Simulations of different formation waters' ability to dissolve anhydrite and 
precipitate celestite has identified the formation water within the sandstones 
on the Erskine field as a possible likely candidate capable of forming the 
caprock celestite on the Machar structure. 
Existing publications showing that feldspar dissolution in the Fulmar 
Formation of the Central North Sea can be unmatched by authigenic clay 
mineral growth, highlighting the possibility of transportation of material 
within solution out of the Upper Jurassic Erskine Sandstone Formation 
making it available for kaolinite precipitation stratigraphically higher in the 
basin. 
The identification of authigenic kaolinite by Maliva et al. 1999, present on the 
Machar structure suggests that Machar has acted as a sink for leak-off ions 
from other units. 
Fluid inclusion homogenisation temperatures suggest that the fluid 
responsible for the fracture filling cements (Calcites 3 and 4) was hotter than 
burial temperatures of the chalk during the Miocene when the fractures were 
believed to have formed. 
Stable, 6 13C%0 PDB and 6 180%0 PDB values more positive and negative, 
respectively from the matrix values and radiogenic strontium ratios confirm 
the need for an external fluid source to account for the signatures of fracture 
filling cements in fractures 3 and 4. 
4.7: Calculating volume of fluid flux from Erskine to Machar 
If we accept the conditions of the BP geochemical modelling (section 4.2.3), combined 
with the strontium and sulphur isotope chemistry of the celestite (Chapter III, 
sections 3.4 and 3.5), which suggests at least in part an external source of strontium 
and sulphate (Tables 3.2 and 3.3), and the fact that oil on the Machar field is likely to 
have migrated from Erskine (section 4.2.3), during fracture formation, we can use 
this knowledge to calculate the volume of water that needs to pass from Erskine to 
Machar to create the quantity of celestite in the caprock above the Machar salt dome 
(Figure 3. 57). 
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4.7.1: Estimation of maximum strontium concentration of water entering 
Machar reservoir: 
Emery and Robinson (1993) reacted 20 different Central North Sea Mesozoic 
formation waters (Figure 4. 5) with anhydrite, using PHREEQE computer program 
for the calculation of chemical equilibria. The calculations were carried out at 100°C 
and 1 bar total pressure. Water was reacted with anhydrite and celestite. Of the 20 
waters used in the simulation, 12 precipitated celestite upon reaction with anhydrite. 
The formation water that precipitated most celestite per unit volume was from well 
23/26a-7, the closest well to the Machar dome (Figure 4. 6), which dissolved 
2007mg.1' of anhydrite and precipitated 2810mg.! 1 of celestite. Celestite is 
considerably denser than anhydrite so this reaction in fact creates porosity, which 
Emery and Robinson (1993) suggest may explain the high porosity of the celestite 
caprock. The quantity of celestite precipitated per litre volume of fluid using the pore 
water from Erskine will be used with an estimation into the volume of celestite on 
Machar to determine the amount of fluid required from Erskine to precipitate the 
celestite within the Machar caprock. 
The celestite on Machar is present within a caprock, above the evaporites, 
which have been mapped solely from well logs and cannot be distinguished through 
seismic. The celestite is present with siderite in the caprock. The thickness of the 
caprock from the three wells that have drilled through it (Well 23/26a-13, 6Y and 
1RD) has been measured at 5 meters. The limitation of celestite to three wells drilled 
through the caprock suggests that suggests that it occurs as pods approximately lOm 
in diameter with three of these pod discovered on the crest of the salt dome. 
Calculation 1: Minimum mass of celestite on Machar 
There are 3 interpreted pods from well logs: 
Each pod: 
lOm in diameter 
5m thick 
Area rrR2:  78.5m' 
Volume: Area x Thickness: 78.5 x 5 = 392.7m3 
Total Volume for all pods: 392.7m 3 x 3 = 1178m' 
Celestite SrSO 4 
Density = 3.96g/cni3 
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= 3960 kg/ M3 
= 4.66 x 106  Kg celestite on Machar (2 d.p.) 
	
(1) 
Calculation 2: Estimation of Volume of fluid on Erskine 
Given: 
Dimensions of the Erskine reservoir from Coward 2003: 
• Gross rock Volume of the Erskine Sandstones: 0.274696405 km 3 
• Average porosity 23% 
• Gross rock Volume of the Pentland Formation: 0.282714037 km 3 
• Average porosity 16% 
• Gross rock Volume of the Heather Turbidite: 0.045638828 km 3 
• Average porosity 20% 
Therefore Fluid capacity (accounting for porosity); 
Erskine Sandstones: 0.063180173 km3 
Pentland Formation: 0.045234245 km' 
Heather Turbidite: 0.0091277653 km -' 
Volume of fluid in Erskine reservoir = 0.12 Km 3 
= 11.75 x 10 0 litres 	(2 d.p.) 	 (2) 
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Calculation 3: Volume percent of Erskine fluid required to account for celestite 
on Machar: 
Method 1: Emery and Robinson 
Results from the Emery and Robinson (1993) chemical modelling conclude: 
Erskine fluid precipitates 2810mg.! 1 celestite on reaction with anhydrite 
Celestite mass 	= 	Erskine fluid volume 
2810mg = 1 litre 
2.8g 	= 	1 litre 
0.0028Kg = 1 litre 
Given mass of Celestite on Machar: = 4.66 x 106  Kg 	 (1) 
Erskine fluid required to deposit celestite 	= 	4.66 x 106 / 0.0028 
= 1.67x109 litres 
Given: Volume of fluid in Erskine reservoir = 11.75 x 1010  litres 	 (2) 
Volume as a percentage of total Erskine reservoir volume = 1.67 x iO/ 11.75 x 10 10 
= 1.42% 	 (3) 
Method 2: Sr content of Erskine pore water (today) 
Given; 
• Mass of Celestite on Machar: = 4.66 x 106  Kg 	 (1) 
• Molecular weight of SrSO4 = 183.68g 
• The Erskine Formation water has 650ppm of Sr (Texaco core report) 
4.665 x 106  Kg of SrSO4 	= 	2.54 x 107 moles of SrSO 4 
knowing 1 mole of SrSO4 contains 1 mole of Sr 
then Machar contains 2.54 x 10 moles of Sr 
knowing 650 ppm Sr 	= 	0.00065 moles of Sr/ mole of water 
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Erskine Water flux required to precipitate SrSO 4 = 	2.54 x 107 / 0.00065 
= 3.91 x 1010moles Water 
For Water 1 mole = 18g 
Therefore Erskine Water Flux (3.91 x 10 10moles) 	= 	7 x 1011 g Water 
(Required to precipitate Machar Celestite) = 7 x 10 Kg Water 
- 	7xlO8 lWater 
Given: Volume of fluid in Erskine reservoir = 11.75 x 	1080  litres 	 (2) 
Flux as a percentage of total Erskine reservoir volume 	= 7 x 108/ 11.75 x 101 0 
= 0.6% 	 (4) 
Uncertainties that exist with the calculation: 
The amount of Celestite on Machar cannot be evaluated with certainty although it 
is reasonable to assume that if Celestite was discovered in every well that drilled 
through to the diapir then celestite is likely to be continuous. The calculation is a 
minimum of celestite: pods not continuous, 10% celestite in pods. 
The porosity of the Erskine sand is highly variable and is a present day average it 
may. It is likely that the field would have been more porous in the past. 
The equation assumes that all Sr that we find in the Celestite has been derived 
from the Erskine, this is highly unlikely and a proportion of the Sr may have been 
derived from dissolved salt. 
From both these calculations less than 2% (1.42% (in method 1 and 0.6% in method 2) 
the total volume of fluid on Erskine (today) is capable of producing the celestite on 
Machar. Therefore the diagenesis of the Machar caprock does not require large 
volumes of water flux. The calculation on the volume of celestite on Machar was a 
minimum estimate; movement of 2% of pore fluid from Erskine could easily account 
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for additional celestite on the Machar structure, not yet discovered. This calculation 
demonstrates that only a tiny volume of fluid is required to be leaked off from the 
underlying sediments to account for the diagenesis of the caprock. 
The Machar structure has acted as a topographic high and closet leakoff point 
for Erskine. It appears that much of that fluid has been retained, within the Erskine 
reservoir. This observation supports the mass balance calculations between feldspar 
dissolution and illite precipitation in Erskine. It was clear that feldspar dissolution 
had taken place, and the secondary porosity this dissolution created preserved, 
however mass export of the products from feldspar dissolution was not evident, as 
the precipitation of illite consumed the products of feldspar dissolution. 
Method 2, calculating volume of water flux required to precipitate celestite 
given the Sr concentration of the incoming pore water, has several important 
limitations. The calculation assumes all Sr for the precipitation of celestite in the 
caprock is sourced from the incoming pore water. However, the Sr concentration of 
the salt is approximately 1500ppm and Sr concentrations within the Cretaceous chalk 
are on average 1200ppm (Maliva and Dickson 1992), the Sr in the celestite is likely to 
have been derived from a combination of sources. The presence of celestite caprock 
at the contact with the anhydrite, suggests that as the basinal fluid (from Erskine) 
carrying incoming Sr, dissolves the salt, its Sr concentrations become supersaturated 
and celestite is deposited. Therefore it is unlikely that the incoming pore waters 
provided all the strontium for the precipitation of celestite. This does not mean that 
the calculation is pointless, what the calculation demonstrates is that if all the Sr in 
celestite was derived from Erskine, it would not require a large volume of fluid to 
make this possible. The fact that all the Sr is not derived from Erskine means that 
even less fluid is required to be leaked off. 
Concluding that a small amount of fluid is required for the precipitation of a 
significant amount of celestite in the caprock we can be confident in suggesting that 
the fluid required for the limited precipitation of celestite in the fractures is even less 
so. Meaning that fluid movement to Machar during Fracture Type 3 (the fracture 
that contains celestite) does not have to be a major event. 
Despite the failings of the calculation we can be confident in concluding that all 
results presented within this thesis highlight the nature of the Machar reservoir as a 
sink for fluid from deeper in the basin. 
212 
Chapter V. Discussion 
Chapter V 
Discussion: History of the Machar Field 
This chapter discusses the main findings of this thesis presented in chapters 2 to 5 
and combines the diverse factors into a coherent model, which links sedimentology, 
structure, petrology, isotope and fluid inclusion data with aqueous fluid flow and oil 
charge history. 
5.1: Deposition of the Chalk 
The deposition and diagenesis of the Tor Formation reservoir on the Machar field 
was discussed in Chapter II. The main conclusion from this chapter was that the 
most important aspect in determining the reservoir properties of a chalk was the 
initial sedimentary make-up. 
Two main facies within the Tor Formation on Machar were logged within 
Wells 23/26a-12, 23/26a-13 and 23/26a-13z on Machar (Figure 2. 7) (Figure 2. 8-
Figure 2. 10). 
Pelagic chalk intervals, characterized by the presence of pervasive bioturbation, 
foraminjfera mudstone and radiolaria-foranijnjfera mudstone. 
Reworked chalks, which had been transported after pelagic deposition. These 
chalks form good reservoirs. Initial porosity is often 20% higher and permeability lOx 
higher when compared with pelagic deposits (Figure 2. 3). 
By combining porosity data, from core plugs, (obtained from BP), for the Tor 
Formation (main producing facies on Machar), within the above mentioned wells, 
and 6 180 bulk rock values from the same core, variations in porosity as a result of 
initial sedimentary make-up could be highlighted, and separated from variations in 
porosity due to increased cementation. A decrease in porosity combined with a shift 
towards negative isotope 6 180 was a clear indication in increased cementation, with 
depth, within the chalk. A decrease in porosity combined with no shift in oxygen 
isotope data, with depth, indicated variations in sedimentary facies, notably pelagic 
facies. 
A step in the porosity data in Wells 23/26a-13 and 12 occurred at depths 
between 1956 and 1970m in Well 13, and between 2195 and 2203m in Well 12, (Figure 
2. 13 and Figure 2. 14). It was found that the step effect present within the porosity 
data was not mirrored in the oxygen isotope values in both wells (Figure 2. 23 and 
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Figure 2. 24). The step in porosity data in Well 23/26a-13 occurred between 1956 and 
1970m (Figure 2. 13). At this depth there is no change in the oxygen isotope values 
(Figure 2. 23). The absence of a change in 6 1807o0PDB values to mirror the porosity 
values suggests that the low porosity values at 1970m in Well 23/26a-13 are facies 
related and not due to variations in the amount of cement. In contrast, high porosity 
values present at the base of Well 13 (2070m) are mirrored in increasingly negative 
61809'o' PDB values (Figure 2. 23), suggesting that the reduction in porosity at the 
base of Well 23/26a-13 is attributed to increasing cement content rather than a 
change in facies. 
A similar result occurred within Well 23/26a-12 (Figure 2. 24). Variations in 
porosity within this well (Figure 2. 14) are not mirrored in the 6 1807o0 (PDB) values 
suggesting that these variations were due to facies changes rather than diagenesis. It 
was therefore a major conclusion within Chapter II that the major shifts in porosity, 
over a small depth range, within Wells 23/26a-13, 12 and 13z were a result of 
variations in sedimentary makeup of the chalks. Pelagic deposits represented areas 
of low porosity and reworked chalks represented increased porosity. 
Within the literature review on chalk diagenesis it was often highlighted that 
a decrease in porosity with depth should occur within chalk sediments, regardless of 
their initial facies (Matter, 1974; Matter, et al., 1975; Scholle, 1977; Mayer, 1979; 
Garrison, 1981; Hill, 1983; Jones et al., 1984; Wilkens, 1992; Maliva and Dickson, 1992; 
Lind, 1993b; Bone and Fabricius, 1998; Fabricius, 2000; Mallon and Swarbrick, 2002; 
and Fabricius, 2003). No obvious porosity decrease with depth occurs within the 
combined data set of all three wells (Figure 2. 12). There is a porosity depth trend 
within Wells 23/ 26a-12 and 13, but as mentioned this is occluded by sedimentary 
variations. In order to determine true depth variations in the porosity data sets 
individual facies were plotted separately (Figure 2. 16 and Figure 2. 17). The results 
of this study clearly show that pelagic deposits have lower porosity values in all 
three wells (Figure 2. 16). In each of the wells there also existed a weak correlation of 
porosity decline with depth in individual facies, with the exception of pelagic 
deposits in Well 23/26a-13 (Figure 2. 16). Separating the facies has highlighted a 
small porosity reduction with depth within individual wells and a good correlation 
between porosity declines within individual facies over a wider depth range. 
In Chapter II an attempt to visualise diagenetic variations in chalks with 
depth provided additional evidence that pelagic and reworked chalks experienced 
different diagenetic histories over a given depth range. It was found that in general 
pelagic deposits contained more cement when compared with reworked pelagic 
deposits (Figure 2. 18 and Figure 2. 19). When comparing similar fades at different 
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depths, in different wells it was found that both facies contained more cement in 
Well 23/26a-13z (deeper well) when compared to the same facies in Well 23/26a-13 
(shallower well). It was also discovered that the amount of cement within reworked 
pelagic deposits within Well 23/ 26a-13z was similar to the cement volumes within 
pelagic fades in Well 23/26a-13. 
Preservation of matrix porosity by oil charge 
When Machar porosity is compared to other porosity profiles, some experimental, 
some from real data, on a host of chalks worldwide (Figure 2. 29), it was found that 
maximum porosities in reworked pelagic deposits, within the Tor Formation on 
Machar are slightly lower than the other North Sea producing chalk reservoirs of 
Ekofisk, Hod, Dan and Valhall. However, the Machar porosities are, higher than 
non-reservoir "normal' chalks of the Central North Sea (Figure 2. 27 and Figure 2. 
28). Figure 2. 28 illustrates that porosity values for the Tor Formation on the Machar 
field are significantly enhanced relative to the porosity profile of 'normal' non-
reservoir chalks within the Central North Sea, at the same depth. The porosities 
observed on the Machar field equate to a chalk buried to just below 1000m. 
Two possible mechanisms exist for the observed preservation of porosity in 
the Macbar chalks when compared to 'normal' non-reservoir chalks presented on 
Figure 2. 27. One is the onset of overpressuring, and the other is shallow oil charge, 
before the chalks were buried significantly to destroy porosity. Mallon and 
Swarbrick (2001) calculated the onset of overpressure in the Central North Sea to 
have commenced when the chalks were buried to approximately 1500m (Figure 2. 
27). However the porosity data of the Machar chalks suggest that pressure 
dissolution was retarded at bOOm. Oxygen isotope data support this finding, leading 
to the conclusion that shallow oil charge into the Macbar chalks helped preserve 
porosity rather than the onset of overpressure. 
5.2: Development of bedding stylolites and related fractures 
(fracture type 1). 
During deposition of the chalk the salt below the Cretaceous reservoir formed a 
small high causing the chalk to thin over the crest of the structure. Subsequent to 
chalk deposition, and prior to oil charge the development of bedding stylolites 
occurs as a result of compaction of the chalk sediments by continuous deposition of 
the chalk and Tertiary above. Simultaneously with the development of bedding 
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stylolites is the development of Fracture Type 1 (Figure 3. 16). Development of 
Fracture type 1 may be due to minor extension in the chalk relating to small 
movements in the underlying salt. Passive movement of the salt causes a reduction 
in the minimum stress direction = 0H (horizontal effective stress) (we assume that the 
maximum stress direction, (3 1 = o,, (vertical effective stress)), this allows minor 
extension to occur perpendicular to bedding and hence the creation of Fracture Type 
1 (Figure 5. 1). The fractures may also have been caused by increase in fluid pressure 
during the process of stylolitisation; meaning movement of the diapir is not 
necessary for the formation of Fracture Type 1. The location of Fracture Type 1, 
restricted to depths between 1944 and 1961m, in the core of Well 23/26a-13, the 
crestal well, provides evidence extension is restricted to the very crest of the 
structure. 
613C values (2.0 and 2.3%o 6 13C PDB) measured within Calcite 1, within 
Fracture Type 1 strongly suggest that this calcite formed within a rock dominated 
system, with the source of carbon from the matrix. Strontium isotope values support 
the 613  results, with 87Sr/Sr ratios (0.7078 to 0.70787) similar to the chalk matrix 
values (Figure 3. 37). There are no exotic mineral assemblages (saddle dolomite, 
celestite, barite and fluorite) associated with this fracture type, cementing the 
hypothesis that this calcite was derived from the surrounding matrix. 
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Figure 5. 1: Schematic diagram showing the position of the salt during the 
development of Fracture Type 1. During deposition of the Cretaceous the salt formed a 
high and as a consequence the salt thins over the crest of the diapir. As sediment 
loading continued during the Cretaceous this lead to a diapir spine growing from the 
salt dome as the salt maintained a state of buoyant equilibrium. Bedding stylolites 
develop in the chalk due to loading and compaction of the chalk sediments. Fracture 
Type 1 formed at the same time either through increase in pore pressure or minor 
extension due to diapir movement. 
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5.3: Continued diapir growth and the development of Fracture 
Type 2 
Fracture Type 2, containing crack sealing calcite, were the next fractures to form in 
the reservoir (Figure 5. 2). These fractures, like Fracture Type 1 formed perpendicular 
to bedding. Crack sealing calcite represents the repeated formation of a crack and the 
subsequent sealing by a vein forming material. The fractures occur at the crest of the 
reservoir, between 1978m and 2081m (core depth), parallel to Fracture Type 1. The 
fractures may represent small hairline fractures forming due to the buoyancy of the 
salt and the strain it places on the chalk. The fractures are subsequently healed with 
calcite. The carbon isotope values (3.6 and 5.9% O 13C PDB), some of which are a few 
per mil more positive that the matrix values (Figure 3. 34), suggest that the 
precipitation of Calcite 2 provides early clues that the reservoir is becoming open to 
external fluids. 
ra F cture type 2 
Crack sealing calcite 
Lines on the diagram representing 
alternative periods of cracking 
followed by subsequent sealing 
0-0.5cm 
calcite 
Tectonic stylolite cross cuffing fracture type 2, 
containing crack sealing calcite 
0-0.5cm 
Figure 5. 2: Formation of Fracture Type 2, fractures relating to crack sealing calcite. 
The fractures may represent small hairline fractures forming due to the buoyancy of 
the salt and the stain it places on the chalk. The fractures are subsequently healed with 
calcite. Like fracture type 1 they represent very early extension at the crest of the 
reservoir due to small amounts of movement from the salt. Tectonic stylolites cross 
cut Fracture Type 2. 
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5.4: Development of tectonic stylolites 
Tectonic stylolites formed subsequent to crack sealing calcite (Figure 5. 2). Various 
orientations of tectonic stylolites within the core, and subsequent shearing of tectonic 
stylolites suggest that these formed before bed rotation, which occurred due to the 
final diapiric event. Tectonic stylolites do not occur above 2046m (core depth Well 
23/26a-13) and are more common in Well 13z the deeper well, which penetrates the 
flanks of the diapir (Figure 2. 7). 
5.5: First signs of external fluid migration to the Machar 
reservoir and the development of Fracture Type 3. 
Fracture Type 3, associated with tectonic stylolites, forms through the opening of 
these stylolites. The Machar salt diapir at this stage attempted to remain 
geostationary and was in buoyant equilibrium (Figure 5. 3). During this period it is 
believed that the sediments adjacent to the diapir were down building around the 
salt feature, as the carbonate and clastic sediments subsided and compacted, the salt 
retained its position (Hodgson, 1992) (see Chapter 1 section 1.6). As a result of this 
process an extensional stress field developed over the diapir crest rather than a 
compressive field, as one would expect, associated with late intrusive diapirism 
(Hodgson, 1992). This extensional field resulted in the development of Fracture Type 
3 (Figure 5. 3). During the development of Fracture Type 3, marked by the opening of 
tectonic stylolites, Calcite 3 precipitated. 
The development of Calcite 3 also marks the start of significant influx of 
external fluid to the fractures within the Cretaceous chalk. Co-existing with Calcite 3, 
within Fracture Type 3 is an exotic mineral assemblage comprised of barite, celestite, 
saddle dolomite and fluorite, some of which (saddle dolomite) are often associated 
with hydrothermal deposits in other basins. The presence of these minerals suggests 
that the tectonic stylolites acted as a migration pathway for external fluids entering 
the reservoir (Figure 5.4). ô' 3C isotope data recorded within Calcite 3 supports this 
observation, strongly suggesting that Calcite 3 did not derive its carbon solely from 
the matrix. Positive Ô 13C values (3.0 and 6.9 1/loc, 6 13C PDB) are characteristic of carbon 
derived from isotopically heavy CO2  (enriched in 13C) that is produced along with 
isotopically light methane, by bacterial fermentation processes. An external source of 
strontium is also required to account for the Sr/&Sr  values (0.70787-0.7084) with 
Calcite 3. The values are more radiogenic than both the chalk matrix values (0.70770-
0.70791) and the values of the anhydrite (0.7075 to 0.7069). 
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Fluid inclusion results suggest that a hydrothermal fluid, with respect to the 
reservoir temperatures, was responsible for Calcite 3 precipitation. The average 
homogenisation temperature measured within Calcite 3 is 89°C, a temperature close 
to the present day reservoir temperature (97°C) but hydrothermal with respect to the 
temperature at the time of Calcite 3 precipitation (<70°C) (Figure 5. 5). The high 
homogenisation temperatures recorded in Calcite 3 help explain the negative oxygen 
isotope results recorded (-10.3 and —14.2%o 6 180 PDB) with respect to the matrix 
values (Figure 3. 34). Fluid inclusion salinities derived from final ice homogenisation 
temperatures (Tm), measured within Calcite 3 suggests that unlike Calcite 1, which 
precipitated in the presence of a low salinity fluid, the salinity data from Calcite 3 
(3.71-17.78 wt%NaCl equivalent), indicated that the fluid responsible interacted with 
the salt. Using the average temperatures of 89°C, and an average 6 180 value of 
—11.8%o (PDB), the original pore water composition was determined for Calcite 3 at 
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Figure 5. 3: Schematic diagram showing the position of the salt during Fracture Type 3 
formation. The salt continued to develop passively. The salt attempts to remain 
geostationary as It was in buoyant equilibrium, probably relying on gravitational 
buoyancy drive from salt In the deep-seated salt reservoir. The condensed sequence 
on top of the diapir is a primary depositional feature but syn-depositional slumping 
and soft sediment deformation have modified it. The sediments adjacent to the diapir 
are thought to 'down build' around the salt feature, as the carbonate and clastic 
sediments subside and compact; the salt retains its position. As a result of this 
process an extensional stress field develops over the diapir crest rather than a 


















Well 23,26a-13, 4-11110. 
1982m (core depth) 
Multiple replacement stages 
are characteristic of fracture 
type 3: Calcite 3, replaced by 
dolomite, and in turn 
replaced by celestite and 
barite. Fluorite is the last 
precipitate found, filling 
porosity and replacing barite 
Fluorite ralacinq barite 
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Figure 5.4: Mineral assemblages present within Fracture type3, fractures 
related to tectonic stylolites. The association of calcite with an exotic mineral 
assemblage of barite, celestite, saddle dolomite and fluorite provide evidence 
that tectonic stylolites acted as a migration pathway for external fluids 
entering the reservoir. The concentration of the exotic minerals in Fracture 
type 3, coupled with the lack of interaction between fracture with matrix 
suggests that this fracture restricted fluid migration. 
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Figure 5. 5: Established burial curve for the Machar chalk and Jurassic source rock 
(Burial curve; Oxtoby and Robinson 1988). The curve illustrates that during the Lower 
to Mid-Miocene when Fracture Type 3 was believed to have formed the temperature in 
the chalk reservoir was less than 70°C. The average homogenisation temperature 
recorded in Calcite 3, within Fracture Type 3 is 89°C, almost 20°C warmer than the In-
situ reservoir temperature at the time of formation, suggesting warm water ascension 
from deeper In the basin was responsible for Calcite 3 precipitation. 
5.5.2: Saddle dolomite within Fracture Type 3 
Saddle dolomite is observed replacing Calcite 3 within Fracture Type 3 (Figure 3. 29), 
evidence that the saddle dolomite postdates Calcite 3. However no petrographic 
evidence exists to determine the relationship between saddle dolomite and Calcite 4, 
therefore its exact position in the paragenetic sequence of the reservoir is uncertain. 
680 values from saddle dolomites range between —6.3 and —8.7% PDB (Figure 3. 34). 
The oxygen isotope ratios are depleted relative to the matrix and the carbon isotope 
ratios are slightly enriched relative to the matrix values, similar to Calcite 4. 6 180 
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values measured in Calcite 4 and saddle dolomite are in agreement with 
precipitation from the same fluid at the same temperature based on calculations by 
Land 1983. 
'Sr/'Sr ratios, measured within saddle dolomite present within fracture 
type 3 are more radiogenic than that of the chalk matrix values and the anhydrite 
caprock (Figure 3. 37), suggesting that the saddle dolomite had an additional more 
radiogenic source of strontium. The values are very similar to those measured in 
celestite (0.70789-0.70799) and slightly less radiogenic than the values of Calcite 3 
(0.70787-0.7084) and Calcite 4 (0.70792-0.7083) (Figure 3. 37). 6 180 values, and the 
replacive nature of the saddle dolomite with respect to Calcite 3 suggest that, 
although saddle dolomite occurs in Fracture type 3, the fluid responsible for its 
precipitation is more similar to that associated with Calcite 4. 
5.5.3: Celestite and barite within Fracture Type 3 
Celestite and barite replace both saddle dolomite and calcite within Fracture Type 3 
(Figure 5. 4). Homogenisation temperatures measured in celestite provide evidence 
that celestite precipitated from a warmer fluid (112°C) than that responsible for the 
precipitation of Calcite 3 (Section 3.2.10). The temperatures recorded for celestite 
precipitation are higher than the maximum burial temperature; we can feel confident 
that the fluid responsible for celestite precipitation was at a minimum of 112°C, a 
temperature hotter than the in-situ reservoir temperature, at the time of formation. 
'Sr/Sr ratios, measured within celestite present within Fracture Type 3 are 
more radiogenic than that of the chalk matrix values and the anhydrite caprock 
(Figure 3. 37). The values from celestite (0.70789-0.70799) are very similar to those 
recorded in saddle dolomite (0.70792-0.70794) and less radiogenic than some of the 
values for Calcite 3 (0.70787-0.7084) and Calcite 4 (0.70792-0.7083) (Figure 3. 37) 
suggesting that the celestite and saddle dolomite, both precipitated from a similar 
fluid. 
5.6: First signs of main diapir movement: development of 
Fracture Type 4 and mixing of fluids 
The development of Fracture Type 4, tectonic fractures devoid of stylolites, 
represents the build-up to the main diapiric movement of the salt. Previous to the 
development of this fracture the salt had remained passive. However during the 
Mid-Miocene the diapir has an active period in which it pierces the above sediments 
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to the east of the structure (Figure 5. 6). The fracturing is predominant on the crest of 
the reservoir in Well 23/26a-13 (Figure 5. 7) (1904-1909m. core depth) and cross cuts 
Fracture Type 2 and tectonic stylolites (Figure 3. 19). The fractures forms conjugate 
fracture sets and are filled with Calcite (4). 
613C values recorded in Calcite 4 between 2.7 and 4.3%o PDB are once again 
more positive than the matrix values (Figure 3. 34) suggesting that the source of 
carbon for this fracture was a least in part externally derived. 'Sr/Sr ratios support 
the findings of the 6 13C study. 'Sr/ Sr ratios (0.70792-0.7083), more radiogenic than 
that of the chalk matrix values and the anhydrite caprock, suggest that Calcite 4 with 
Calcite 3, saddle dolomite and celestite had an additional more radiogenic source of 
strontium from outside the immediate reservoir. ö 180 values between —7.6 and 
—11.6%'o PDB are more negative than the matrix chalk values but not as negative as 
the oxygen values measured with Calcites 2 and 3 (Figure 3. 34). This may be due to 
a variation in the parental fluid responsible for Calcite 4 precipitation or a shift to 
lower temperatures. More likely however, this variation, which occurs in both the 
oxygen and carbon values (+2.7 to +4.3), represents mixing between the incoming 
parental fluid and interstitial waters within the chalk. Consequently a significant 
proportion of the carbon was rock-matrix derived and the oxygen isotope values 
shifted towards the matrix values. 
Homogenisation temperatures and final ice melting temperatures measured 
within Calcite 4 support this conclusion. The average homogenisation temperature in 
Calcite 4 is 83.4°C, slightly cooler than the average homogenisation temperature for 
Calcite 3 (89°C). Salinity measurements derived from final ice melting temperatures 
in Calcite 4 display an extensive range between 5.26 and 24.6-wt% NaCl eq. Calcite 4 
recorded the most extensive range of salinities including some of the highest 
measurements, suggesting mixing between an incoming high saline fluid and the 
interstitial pore waters (Figure 3. 62). 
The lack of interaction between matrix and cement within Fracture Type 3, 
due to bounding of tectonic stylolites on either side of the fractures (Figure 3. 22) 
suggests that Calcite 3, precipitated from a more concentrated basinal fluid, in 
comparison to Calcite 4. 
The theory of hot basinal water being introduced into the Machar reservoir is 
not new, and evidence for the process has been recorded in chalk surrounding the 
diapir of the Skjold field by Jensenius (1987). The positive thermal anomalies 
associated with salt diapirs due to the high thermal conductivity of salts are a well-
known phenomenon capable of inducing upward migration of water (Price et al. 
1983; Bennett and Hanor, 1987; Jensenius and Munksgaard 1989). 
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Figure 5. 6: Schematic diagram showing the position of the salt during the 
development of Fracture Type 4. Type 4 fractures formed during the main diapiric 
movement of the salt in the Mid-Miocene. The diapir pierces the sediments to the east 
of the structure. Fracture Type 4 is predominant on the crest of the reservoir in Well 
23/26a-13 (Figure 5. 7) (1904-1909m. core depth) and cross cuts Fracture Type 2 and 
tectonic stylolites. The fractures forms conjugate fracture sets and are filled with 
Calcite (4). 
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Figure 5. 7: BP core photos from the crest of the reservoir. Upper part of the Tor 
Formation, Well 23/26a-13 (core depths on Fig). The core shows abundant tension 
fractures (Fracture Type 4), filled with calcite, present on the crest of the structure. The 
fractures are sub-vertical with random orientations (Photo courtesy of BP). 
5.7: Main diapir movement: Saline fluid enters Machar 
structure 
The entering of a highly saline fluid into the reservoir occurs simultaneously with the 
formation of Type 4 fractures and the precipitation of Calcite 4 cements. The high 
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salinity values within Calcite 4 cements provide evidence that the entire reservoir is 
opening to fluid emerging from the adjacent basin that interacts with the salt prior to 
precipitation of Calcite 4. It is likely that during Type 4 fracture development, during 
the main and final movement of the salt, the walls of the salt diapir acted as channels 
enabling the ascent of water from deeper in the basin, to enter the entire reservoir. 
Evidence for the process outside Machar has been recorded in chalk surrounding the 
diapir of the Skjold field by Jensemus (1987). This water entering the Machar 
reservoir during Calcite 4 precipitation would mix with the fluid present within the 
pores of the matrix, allowing some dilution. However equilibrium of the entering 
fluid with the pore water present in the matrix did not occur; evident in the vast 
array of salinities measured within Calcite 4, present within Fracture Type 4. 
Further evidence for the incoming of a highly saline fluid into the Machar 
reservoir after the formation and cementation of most of the fractures can be found 
within the present day formation waters. The salinity results from the present day 
pore waters are similar to the salinities recorded in Calcite 4 (7,000-240,000ppm) but 
more saline than those recorded in Calcites 1 and 3 (Smalley and Oxtoby 1992). The 
wide range of salinities within the present day formation waters suggests that oil 
charge to the reservoir 'freezes in' the salinity of the water it traps, providing 
evidence that oil charge into the reservoir occurred shortly after the entering of the 
saline fluid. The preservation of matrix porosity by oil charge suggests that all these 
events took place at burial depths, shallower than 1Km. 
5.8: Source of external fluids 
The petrographic and isotopic data present within the fracture filling cements 
strongly suggests that Calcite 3 and 4 cements, saddle dolomite and celestite all 
precipitated when the reservoir was open to external fluids. The presence of oil 
within the Machar reservoir provides further evidence that the reservoir was open to 
external fluids. The source of the Machar hydrocarbons is the Jurassic (Smalley and 
Oxtoby 1992); therefore a vertical migration route between the Jurassic and Machar 
reservoir should have existed in the past. It is reasonable to suggest that the fluid 
responsible for the fracture filling material may also be sourced within the Jurassic; 
the presence of oil inclusions within the fracture filling cements strongly suggests 
that the precipitation of these cements is linked with oil charge. It is likely that the 
parental fluid responsible for the precipitation of Calcites 3 and 4, saddle dolomite 
and celestite used the same fluid pathway as the hydrocarbons (see section 5.13 for 
vertical migration routes between the Jurassic and Cretaceous). An established burial 
Chapter V. Discussion 
curve of the underlying Jurassic provides evidence that the Jurassic would be within 
the temperature window required to generate a fluid between 85-100°C during the 
Miocene (Figure 5. 5). Knowing that fluids have migrated from the Jurassic to the 
Cretaceous, and knowing that the fluid responsible for fracture filling cements 
moved at a similar time to oil migration it is reasonable to predict that the source of 
this fluid lies within the Jurassic. 
In Chapter IV a link between the Jurassic Erskine reservoir and the Machar 
field was proposed, the hypothesis that Erskine may have been the location of the 
parental fluid, responsible for the precipitation of Calcites 2, 3 and 4 and saddle 
dolomite, barite and celestite within Fracture type 3 was investigated. 
Existing data on celestite precipitation within the caprock (section 4.2.3) 
highlights the possibility that the Erskine Well 23/26b-7 contains pore water capable 
of precipitating celestite on reaction with anhydrite. This was combined with the 
documented occurrence of diagenetic kaolinite cement within some fractures on the 
Machar reservoir (Maliva et al., 1999) (section 4.2.1). Both of these features suggest 
the link between Erskine and Machar. Haszeldine et al. (1999) proposed that feldspar 
dissolution within deep Jurassic reservoirs released ions into the pore water, which is 
then removed in solution and focused through structurally controlled leak off points, 
causing kaolinite to precipitate stratigraphically higher (Haszeldine et al., 1999). This 
model was established to explain the relationship between the Jurassic Erskine 
reservoir and the Cretaceous Machar reservoir. Dissolved feldspar would have also 
released radiogenic strontium to the pore fluid that would explain the radiogemc 
strontium signature present within some of the fractures on Machar. However, 
detailed quantification of the amount of feldspar dissolution in the Erskine 
Sandstone Formation combined with estimates of the amount of diagenetic illite 
precipitation (section 4.5) failed to identify any major export of aluminium, 
potassium of silicon from the Erskine Sandstone Formation to the Machar reservoir. 
This is despite a well-established link between the Jurassic and Cretaceous strata. 
However, despite this conclusion the evidence of an established link between the 
Jurassic and Cretaceous is difficult to deny as after all the source of oil within the 
Machar reservoir was from the Jurassic Kimmeridge Clay Formation. The close 
proximity between the Erskine and Machar reservoirs suggests that any fluid flow 
between the Jurassic source rocks, which are located down dip from Erskine, with 
Machar to the up dip of Erskine, would have interacted with the Erskine Sandstone 
reservoirs during its ascent (Figure 5. 8). 
A calculation to determine the volume of the Erskine Sandstone Formation 
reservoir pore water required to account for the occurrence of celestite-wjin the 
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caprock on the Machar structure yielded interesting results. The calculations based 
on the conclusions of the study on celestite precipitation in the caprock of the Machar 
diapir by Emery and Robinson (1983) (section 4.2.3), concluded that less than 2% of 
the total volume of fluid on Erskine (today) was capable of producing the celestite 
found within the caprock on Machar. Therefore the diagenesis of the Machar caprock 
does not require large volumes of water flux and it is completely plausible that a 
small volume of fluid could come from the Jurassic sediments. Within the fractures 
even less fluid is required than that responsible for the diagenesis of the caprock 
above the salt. Fractures are small on Machar and very few fractures contain celestite. 
The main fracture filling cement is calcite, most of which could be sourced from the 
matrix and could mix with incoming basinal waters to account for the geochemical 
signatures measured within Calcite 3 and 4. Very small flows of fluid from Erskine 
to Machar may also explain the findings of the mass balance between feldspar 
dissolution and illite precipitation on Erskine, which suggested that the mass 
movement out of the Erskine Sandstone Formation did not occur. It is possible that 
very minor amounts of fluid escaped from Erskine carrying radiogenic strontium 
from feldspar dissolution, explaining the elevated strontium ratios recorded in 
Calcites 3, 4, saddle dolomite, and celestite in the fractures. 
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Figure 5. 8: Seismic cross section and interpretive diagram of the Erskine field (SW to 
NE). The Machar salt diapir bounds the reservoir to the NE. The close proximity of 
Erskine to Machar means that any charge of the Machar reservoir from the Jurassic 
source rocks, which are located down dip from Erskine, Is likely to have intersected 
the Jurassic Erskine sandstone reservoir. BCU= Base Cretaceous unconformity, HWC= 
Hydrocarbon water contact. Seismic and diagram courtesy of BP. 
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5.9: Main diapir movement: B) penetration of the Paleocene 
An unconformity on the Machar seismic, above the salt structure records a period of 
active diapirism during the Mid-Miocene (Figure 5. 9). During this time the diapir 
penetrates the Paleocene sand deposits, on the east of the structure (Figure 5. 6). As a 
result the flank sediments start to subside. As the sediments subside they undergo 
extension. In Machar the extension is marked by the development of Fracture Type 4 
(see above) and also led to the development of a master fault running across the 
structure, which takes up most of the displacement (Figure 5. 10). 
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Figure 5. 9: Seismic section through the upper part of the Machar structure showing 
onlap of the Mid-Miocene unconformity. Onlap of the Upper Miocene sediments over 
the structure marks the end of active diapirism. From the late Miocene to recent there 
has been rapid regional subsidence; the chalk is now at is maximum depth of burial. 
Vertical gas leakoft occurs above Machar. Seismic courtesy of BP reproduced from 
Davison et a!, 2000. 
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Figure 5. 10: Location of the Master fault on Machar which occurred during the main 
diapir movement of the salt. Diagram from Foster and Rattey 1993 
510: Main diapir movement: C) Hydrocarbon filling of the 
Chalk reservoir 
Oil migration to the chalk on Machar is likely to have occurred during the main 
diapiric event but after fracturing and the entering of a saline fluid into the reservoir. 
Oil did enter the reservoir prior to the final filling as evident in the presence of 
primary oil inclusions in calcites 2, 3 and 4 and the O 13C values recorded in these 
fractures which suggest carbon was derived from isotopically heavy CO 2 (enriched in 
13C) that is produced along with isotopically light methane. However a UV 
Fluorescence study (by BP) on Calcites 1, 3 and 4, and celestite in Fracture Type 3 
found that the petroleum contained within these fractures was less mature that that 
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in the later formed caprock above the salt diapir (Figure 3. 63). Over 80% of primary, 
and pseudo secondary inclusions measured in Calcite 1,3 and 4 were greenish-yellow 
to white. In contrast to these results UVF of petroleum measured within calcite, 
celestite, and anhydrite all present within the caprock on the Machar structure, 
shifted towards the blue end of the spectra. Gas chromatography-mass spectrometry 
study on the inclusions (by BP) showed that the blue fluorescing petroleum was 
more mature, generated from a source rock at higher temperature. If the Machar 
reservoir is fed from the same hydrocarbon source (no evidence exists to suggest that 
it is not) this provides evidence that the cap rock formation occurred after fracture 
filling cementation. 
It is suggested that the UV inclusion data shows that petroleum within the 
caprock minerals is the same as the petroleum within the reservoir at the present day 
(API 40), which migrated to the reservoir after fracture formation. The variations in 
maturity of the petroleums between the petroleum in the fractures and that of the 
caprock (and present day reservoir) are problematic. It is true that the fracture 
formation occurred first and therefore the presence of less mature petroleum within 
the fracture filling cements is fitting. However the entering of a saline fluid into the 
Machar reservoir and the 'freezing in' of variations in salinity by oil suggest that the 
time frame between fracture 4 formation, (less mature inclusions), which coincides 
with the saline fluid event, and filling of the reservoir was not extensive. The short 
time frame between fracture formation and subsequent reservoir filling make it 
unlikely that there would be major differences in the maturity of the hydrocarbons. 
One possibility to explain the variations is that the oil present within the fractures 
migrated to the Machar structure via a secondary migration path from the Jurassic 
reservoirs. Oil migration to Erskine, the closest Jurassic reservoir to the Machar 
structure (Figure 5. 8) is believed to have commenced at 80Ma (Symington et al., 
1998). Minor movements of the salt during the formation of Fractures 2, 3 and 4 may 
have created a migration route between the underlying Erskine and Machar 
reservoirs. The very early filling of Erskine suggests that the oil within the Erskine 
reservoir during the Mid-Miocene would be less mature than the oil being generated 
directly from the source in the Mid-Miocene. During the final movement from the 
salt a direct migration path between the deeper Jurassic source and Cretaceous 
reservoir was established causing final filling with more mature petroleum direct 
from the Jurassic source rock. 
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5.11: Diagenesis of the Machar caprock 
The presence of more mature oil in inclusions in calcite, celestite and anhydrite in the 
caprock on top of the Machar provides evidence that the diagenesis of the caprock 
formed after fracture formation and cementation. Sulphur isotope analysis on 
celestite caprock from Well 23 / 26a-1 and anhydrite dissolved out of core samples of 
halite (Well 23/26a-4) by Emery and Robinson (1993), prove that sulphate in the 
celestite cannot have come entirely from the Zechstein. Both 5 180 and OS are 4-5 %o 
more positive (Table 3.3) than the late Permian seawater sulphate (Claypool et al., 
1980). These results suggest that an external fluid was responsible for the diagenesis 
of the caprock. 
5.12: Retardation of reservoir matrix diagenesis, halting of 
diapir growth and isolation of the Machar reservoir from the 
Jurassic 
It was found through the fracture study that oil charge occurs simultaneously to 
major diapirism; consequently diagenesis is retarded in the reservoir after this event. 
Onlap of Upper Miocene sediments over the Machar structure mark the end of active 
diapirism (Figure 5. 9). Subsidence has continued since the Miocene so that the chalk 
is now today at its maximum depth of burial. The lack of very mature hydrocarbons 
in the reservoir, even though mature condensate is present in the underlying Jurassic 
reservoirs, suggests that the reservoir was physically isolated after oil fill and did not 
receive later charges from the Jurassic kitchen. Mixing between different kitchens 
and gas generation within the Jurassic reservoirs subsequently occurred. This gas by-
passes Macbar and forms the leak-off chimney observed at the present day (Figure 5. 
9) 
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5.13: Conclusions 
5.13.1 :Chalk Diagenesis 
Combined porosity data and 6' 80 data discovered that initial sedimentary make-up 
was the most important aspect in controlling porosity and permeability in the 
Machar chalks. Reworked pelagic chalks formed better reservoirs compared with 
pelagic deposits. 6 180 and 613C values indicate that chalk diagenesis occurred in a 
closed system. Oil charge occurred when the chalk was at burial depths of less than 
1000m. Oil retarded diagenesis of the reservoir 
5.13.2: Fracture Diagenesis 
Petrographic observations defined four different fracture subsets within the Tor 
Formation reservoir (Fractures 1-4). 
Fracture type 1 formed during burial diagenesis simultaneously to the formation 
of burial stylolites in a closed system. 
Fracture type 2, associated with crack sealing calcite formed in response to small 
movements from the underlying salt dome, the fracture is the first indication of 
opening of the reservoir 
Fracture type three forms during down building of sediments around the salt 
dome. The process of down building creates extension and allows the opening of 
tectonic stylolites for fracture 3 to form. 
Fracture type 4 occurred during the main diapiric movement of the salt, when the 
Paleocene sediments were pierced. 
Combined isotopic (6 180, ô'3C and Sr/ Sr) and fluid inclusion studies document 
the existence of the migration of an external basinal fluid into the Machar chalk 
reservoir. The external fluid was responsible for the precipitation of Calcites 3 and 4 
and saddle dolomite, celestite, barite and fluorite within Fracture Type 3. The 
fracturing of the reservoir occurred prior to and during the build up to a main 
diapiric movement of the underlying salt in the Mid-Miocene. 
5.13.3: Source of External fluid 
The source of the external fluid was the underlying Jurassic. Geochemical tracers 
used to calculate the volume of fluid flux between Machar and Erskine show that 
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very small volumes of fluid, less than 2% of the Erskine field could produce the 
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Appendix 1: Porosity Data for the Tor Formation 
#WELL Core DEPTH CPOB_CORE TOPS TVD (m) 
23_26A-12 2201.414 0.132704 Tor Fm 2171.744 
23_26A-12 2201.567 0.182563 Tor Fm 2171.897 
23_26A-12 2201 .872 0.185475 Tor Fm 2172.202 
23_26A-12 2203.7 0.234984 Tor Fm 2174.03 
23_26A-12 2204.462 0.215569 Tor Fm 2174.792 
23_26A-12 2205.986 0.23013 Tor Fm 2176.316 
23_26A-12 2206.291 0.234984 Tor Fm 2176.621 
23_26A-12 2207.053 0.219452 Tor Fm 2177.383 
23_26A-12 2207.51 0.199066 Tor Fm 2177.84 
23_26A-12 2208.882 0.200037 Tor Fm 2179.212 
23_26A-12 2209.034 0.202949 Tor Fm 2179.364 
23_26A-12 2209.339 0.209744 Tor Fm 2179.669 
23_26A-12 2209.949 0.2 10715 Tor Fm 2180.279 
23_26A-12 2210.254 0.21654 Tor Fm 2180.584 
2326A-12 2210.558 0.218481 Tor Fm 2180.888 
23_26A-12 2210.863 0.220423 Tar Fm 2181.193 
23_26A-12 2211.016 0.198095 Tor Fm 2181.346 
23_26A-12 2211.625 0.177709 Tor Fm 2181.955 
23_26A-12 2211.778 0.213627 Tor Fm 2182.108 
23_26A-12 2212.082 0.24178 Tor Fm 2182.412 
23_26A-12 2212.387 0.253429 Tor Fm 2182.717 
23_26A-12 2212.997 0.261195 Tor Fm 2183.327 
23_26A-12 2213.302 0.273815 Tor Fm 2183.632 
23_26A-12 2213.759 0.231101 Tor Fm 2184.089 
23_26A-12 2214.064 0.188387 Tor Fm 2184.394 
23_26A-12 2214.521 0.252458 Tor Fm 2184.851 
23_26A-12 2214.826 0.24275 Tor Fm 2185.156 
23_26A-12 2215.13 0.245662 Tor Fm 2185.46 
23_26A-12 2215.283 0.266049 Tor Fm 2185.613 
23_26A-12 2215.588 0.265078 Tar Fm 2185.918 
23_26A-12 2216.807 0.276727 Tor Fm 2187.137 
23_26A-12 2217.112 0.253429 Tor Fm 2187.442 
23_26A-12 2217.416 0.185475 Tar Fm 2187.746 
23_26A-12 2217.569 0.20489 Tor Fm 2187.899 
23_26A-12 2218.026 0.197124 Tor Fm 2188.356 
23_26A-12 2218.483 0.163147 Tar Fm 2188.813 
23_26A-12 2218.788 0.183534 Tor Fm 2189.118 
23_26A-12 2219.093 0.193241 Tor Fm 2189.423 
23_26A-12 2219.398 0.199066 Tor Fm 2189.728 
23_26A-12 2219.55 0.189358 Tor Fm 2189.88 
23_26A-12 2220.312 0.201978 Tor Fm 2190.642 
23_26A-12 2220.464 0.206832 Tor Fm 2190.794 
23_26A-12 2221.074 0.144703 Tor Fm 2191.404 
23_26A-12 2221.531 0.186446 Tar Fm 2191.861 
23_26A-12 2221.836 0.190329 Tar Fm 2192.166 
23_26A-12 2222.293 0.197124 Tar Fm 2192.623 
23_26A-12 2222.598 0.193241 Tar Fm 2192.928 
23_26A-12 2222.903 0.183534 Tor Fm 2193.233 
23_26A-12 2223.055 0.202949 Tor Fm 2193.385 
23_26A-12 2223.36 0.196154 Tor Fm 2193.69 
23_26A-12 2223.512 0.198095 Tor Fm 2193.842 
23_26A-12 2223.817 0.196154 Tor Fm 2194.147 
23_26A-12 2224.122 0.175767 Tor Fm 2194.452 
23_26A-12 2224.274 0.196154 Tor Fm 2194.604 
23_26A-12 2224.884 0.179651 Tor Fm 2195.214 
23_26A-12 2225.646 0.194212 Tor Fm 2195.976 
23_26A-12 2229.913 0.2281 89 Tar Fm 2200.243 
23_26A-12 2233.266 0.201007 Tor Fm 2203.596 
23_26A-12 2233.418 0.240809 Tar Fm 2203.748 
23_26A-12 2233.723 0.23013 Tor Fm 2204.053 
23_26A-12 2236.771 0.226247 Tor Fm 2207.101 
23_26A-12 2237.533 0.213627 Tor Fm 2207.863 
2326A-12 2237.686 0.193241 Tor Fm 2208.016 
23_26A-12 2237.99 0.167031 Tor Fm 2208.32 
23_26A-12 2238.448 0.163147 Tor Fm 2208.778 
23_26A-12 2238.752 0.188387 Tor Fm 2209.082 
23_26A-12 2239.21 0.225276 Tor Fm 2209.54 
23_26A-12 2239.514 0.227218 Tor Fm 2209.844 
23_26A-12 2239.667 0.225276 Tar Fm 2209.997 
23_26A-12 2239.972 0.194212 Tar Fm 2210.302 
23_26A-12 2240.429 0.198095 Tor Fm 2210.759 
23_26A-12 2240.734 0.202949 Tar Fm 2211.064 
23_26A-12 2241.038 0.177709 Tor Fm 2211.368 
23_26A-12 2241.343 0.188387 Tor Fm 2211.673 
23_26A-12 2241.8 0.181592 Tar Fm 2212.13 
23_26A-12 2242.105 0.175767 Tor Fm 2212.435 
23_26A-12 2242.715 0.198095 Tar Fm 2213.045 
23_26A-12 2243.02 0.190329 Tor Fm 2213.35 
23_26A-12 2243.934 0.187417 Tar Fm 2214.264 
23_26A-12 2244.239 0.195183 Tor Fm 2214.569 
23_26A-12 2244.848 0.184504 Tor Fm 2215.178 
23_26A-12 2246.372 0.168001 Tar Fm 2216.702 
23_26A-12 2247.439 0.184504 Tor Fm 2217.769 
23_26A-12 2247.744 0.181592 Tar Fm 2218.074 
23_26A-12 2248.354 0.146645 Tor Fm 2218.684 
23_26A-12 2251.402 0.236926 Tor Fm 2221.732 
23_26A-12 2252.164 0.251487 Tor Fm 2222.494 
23_26A-12 2252.468 0.243721 Tar Fm 2222.798 
23_26A-12 2257.345 0.164118 Tor Fm 2227.675 
23_26A-12 2257.802 0.148586 Tor Fm 2228.132 
2326A-12 2264.508 0.0971355 Tor Fm 2234.838 
23_26A-12 2264.813 0.0913109 Tar Fm 2235.143 
23_26A-12 2265.727 0.0971 355 Tor Fm 2236.057 
23_26A-12 2266.794 0.108785 Tor Fm 2237.124 
23_26A-12 2266.946 0.116551 Tar Fm 2237.276 
23_26A-13 1921.459 0.263136 Tor Fm 1897.5412 
23_26A-13 1925.269 0.196154 Tor Fm 1901.3512 
23_26A-13 1925.574 0.214598 Tar Fm 1901.6562 
23_26A-13 1925.879 0.222364 Tor Fm 1901.9612 
23_26A-13 1927.555 0.265078 Tor Fm 1903.6372 
23_26A-13 1928.774 0.245662 Tor Fm 1904.8562 
23_26A-13 1934.413 0.23013 Tor Fm 1910.4952 
23_26A-13 1936.547 0.228189 Tor Fm 1912.6292 
23_26A-13 1937.461 0.239838 Tar Fm 1913.5432 
23_26A-13 1938.528 0.235955 Tor Fm 1914.6102 
23_26A-13 1941.424 0.237896 Tor Fm 1917.5062 
23_26A-13 1954.835 0.208773 Tor Fm 1930.9172 
23_26A-13 1955.597 0.221393 Tor Fm 1931.6792 
23_26A-13 1955.749 0.226247 Tor Fm 1931.8312 
23_26A-13 1958.797 0.245662 Tor Fm 1934.8792 
23_26A-13 1959.102 0.205861 Tor Fm 1935.1842 
23_26A-13 1959.254 0.138878 Tor Fm 1935.3362 
23_26A-13 1960.016 0.212656 Tor Fm 1936.0982 
23_26A-13 1960.169 0.183534 Tor Fm 1936.2512 
23_26A-13 1960.778 0.1913 Tor Fm 1936.8602 
23_26A-13 1962.302 0.246633 Tor Fm 1938.3842 
23_26A-13 1962.76 0.192271 Tor Fm 1938.8422 
23_26A-13 1964.131 0.16606 Tor Fm 1940.2132 
23_26A-13 1965.96 0.164118 Tor Fm 1942.0422 
23_26A-13 1967.027 0.168001 Tar Fm 1943.1092 
23_26A-13 1967.332 0.161206 Tor Fm 1943.4142 
23_26A-13 1967.789 0.168972 Tor Fm 1943.8712 
2326A-13 1968.094 0.159264 Tar Fm 1944.1762 
23_26A-13 1968.246 0.15344 Tor Fm 1944.3282 
23_26A-13 1968.398 0.155381 Tor Fm 1944.4802 
23_26A-13 1968.856 0.146645 Tar Fm 1944.9382 
23_26A-13 1969.16 0.135966 Tor Fm 1945.2422 
23_26A-13 1969.922 0.143732 Tor Fm 1946.0042 
23_26A-13 1970.075 0.146645 Tor Fm 1946.1572 
23_26A-13 1970.38 0.147615 Tor Fm 1946.4622 
23_26A-13 1971.904 0.168972 Tor Fm 1947.9862 
23_26A-13 1972.056 0.156352 Tor Fm 1948.1382 
23_26A-13 1972.818 0.142761 Tor Fm 1948.9002 
23_26A-13 1974.799 0.168001 Tor Fm 1950.8812 
23_26A-13 1975.104 0.17868 Tor Fm 1951.1862 
23_26A-13 1976.018 0.1913 Tor Fm 1952.1002 
23_26A-13 1976.323 0.182563 Tor Fm 1952.4052 
23_26A-13 1976.933 0.155381 Tar Fm 1953.0152 
23_26A-13 1977.085 0.148586 Tor Fm 1953.1672 
23_26A-13 1977.695 0.201978 Tor Fm 1953.7772 
23_26A-13 1977.847 0.20392 Tar Fm 1953.9292 
23_26A-13 1978.609 0.201978 Tar Fm 19546912 
23_26A-13 1979.981 0.183534 Tor Fm 1956.0632 
23_26A-13 1980.895 0.151498 Tor Fm 1956.9772 
23_26A-13 1983.486 0.207803 Tor Fm 1959.5682 
23_26A-13 1986.534 0.213627 Tar Fm 1962.6162 
23_26A-13 1988.363 0.201978 Tor Fm 1964.4452 
23_26A-13 1988.972 0.214598 Tor Fm 1965.0542 
23_26A-13 1989.125 0.212656 Tar Fm 1965.2072 
23_26A-13 1989.887 0.180621 Tor Fm 1965.9692 
23_26A-13 1992.02 0.251487 Tor Fm 1968.1022 
23_26A-13 1992.325 0.265078 Tor Fm 1968.4072 
2326A-13 1994.154 0.268961 Tor Fm 1970.2362 
2326A-13 1996.745 0.248575 Tor Fm 1972.8272 
23_26A-13 1998.726 0.271873 Tor Fm 1974.8082 
23_26A-13 1999.488 0.260224 Tor Fm 1975.5702 
23_26A-13 2000.555 0.261195 Tor Fm 1976.6372 
23_26A-13 2000.707 0.276727 Tar Fm 1976.7892 
23_26A-13 2001.774 0.271873 Tar Fm 1977.8562 
2326A-13 2001.926 0.257312 Tar Fm 1978.0082 
23_26A-13 2003.908 0.251487 Tar Fm 1979.9902 
23_26A-13 2004.212 0.252458 Tor Fm 1980.2942 
23_26A-13 2005.432 0.238867 Tor Fm 1981.5142 
2326A-13 2006.194 0.226247 Tor Fm 1982.2762 
23_26A-13 2011.375 0.193241 Tor Fm 1987.4572 
23_26A-13 2011.528 0.196154 Tar Fm 1987.6102 
2326A-13 2012.137 0.225276 Tar Fm 1988.2192 
2326A-13 2013.509 0.228189 Tar Fm 1989.5912 
23_26A-13 2015.642 0.224306 Tar Fm 1991 .7242 
23_26A-13 2016.252 0.232072 Tar Fm 1992.3342 
23_26A-13 2016.862 0.160235 Tar Fm 1992.9442 
23_26A-13 2017.014 0.155381 Tar Fm 1993.0962 
23_26A-13 2017.624 0.182563 Tar Fm 1993.7062 
23_26A-13 2018.081 0.194212 Tor Fm 1994.1632 
23_26A-13 2019.757 0.181592 Tar Fm 1995.8392 
23_26A-13 2020.214 0.185475 Tor Fm 1996.2962 
23_26A-13 2020.824 0.175767 Tar Fm 1996.9062 
23_26A-13 2023.567 0.183534 Tar Fm 1999.6492 
23_26A-13 2024.634 0.171884 Tor Fm 2000.7162 
23_26A-13 2024.786 0.16606 Tar Fm 2000.8682 
2326A-13 2027.072 0.168972 Tar Fm 2003.1542 
23_26A-13 2027.834 0.179651 Tar Fm 2003.9162 
23_26A-13 2036.369 0.136937 Tar Fm 2012.4512 
23_26A-13 2038.502 0.167031 Tar Fm 2014.5842 
23_26A-13 2039.417 0.157323 Tar Fm 2015.4992 
23_26A-13 2040.484 0.11558 Tor Fm 2016.5662 
23_26A-13 2044.751 0.165089 Tor Fm 2020.8332 
23_26A-13 2046.58 0.142761 Tor Fm 2022.6622 
23_26A-13 2046.884 0.144703 Tor Fm 2022.9662 
23_26A-13 2047.646 0.145674 Tar Fm 2023.7282 
23_26A-13 2048.408 0.133054 Tor Fm 2024.4902 
23_26A-13 2054.657 0.160235 Tor Fm 2030.7392 
23_26A-13 2055.724 0.169943 Tor Fm 2031.8062 
23_26A-13 2058.772 0.0913109 Tar Fm 2034.8542 
23_26A-13 2062.429 0.151498 Tar Fm 2038.5112 
23_26A-13 2063.648 0.193241 Tor Fm 2039.7302 
23_26A-13 2092.909 0.062188 Tar Fm 2068.9912 
23_26A-13 2095.195 0.095194 Tor Fm 2071.2772 
23_26A-13 2105.558 0.100048 Tar Fm 2081.6402 
23_26A-13 2106.016 0.095194 Tar Fm 2082.0982 
2326A-13 2106.473 0.174797 Tor Fm 2082.5552 
23_26A-13ZA 2675.687 0.16606 Tor Fm 2487.0282 
23_26A-13ZA 2676.144 0.159264 Tor Fm 2487.4852 
23_26A-13ZA 2697.328 0.141791 Tor Fm 2508.6692 
23_26A-13ZA2728.722 0.148586 Tor Fm 2540.0632 
23_26A-13ZA 2729.636 0.154411 Tor Fm 2540.9772 
23_26A-13ZA 2731.16 0.15344 Tor Fm 2542.5012 
23_26A-13ZA2735.732 0.154411 Tor Fm 2547.0732 
23_26A-13ZA 2736.342 0.171884 Tor Fm 2547.6832 
23_26A-13ZA 2736.799 0.185475 Tor Fm 2548.1402 
23_26A-13ZA2739.695 0.188387 Tor Fm 2551.0362 
23_26A-13ZA 2786.329 0.127229 Tor Fm 2597.6702 
23_26A-13ZA2786.786 0.138878 Tor Fm 2598.1272 
Appendix Table 1: Porosity Data for the Tor Formation. 
Appendix 2: Stable Isotope Data for the chalk 
matrix 
Well T.V.D. (m) &13C &180 Core Depth Analysed By: 
23/26a-13 1854.9 1.01 -4.98 MATRIX 1878.5 BP 
23126a-13 1857.4 1.13 -5.01 MATRIX 1882 BP 
23/26a-13 1858.9 0.83 -4.95 MATRIX 1883.5 BP 
23126a-13 1864.15 1.23 -4.05 MATRIX 1888.75 BP 
23126a-13 2.186 -5.618 MATRIX 1890.22 H. Doran 
23126a-13 1871.9 2.12 -5.77 MATRIX 1896.5 BP 
23126a-13 2.32 -5.421 MATRIX 1898.9 H. Doran 
23/26a-13 1.369 -5.107 MATRIX 1903.11 H. Doran 
23126a-13 2.113 -5.485 MATRIX 1905.97 H. Doran 
23/26a-13 2.682 -5.551 MATRIX 1908.4 H. Doran 
23/26a-13 2.455 -5.611 MATRIX 1913.32 H. Doran 
23/26a-13 1894.4 3.76 -6.35 MATRIX 1918.5 BP 
23126a-13 1900.4 2.41 -5.51 MATRIX 1924.5 BP 
23/26a-13 1901.4 2.11 -5.22 MATRIX 1925.5 BP 
23126a-13 1902.65 2.06 -4.37 MATRIX 1926.75 BP 
23126a-13 1908.26 2.45 -5.35 MATRIX 1932.36 BP 
23/26a-13 1908.42 2.9 -5.32 MATRIX 1932.52 BP 
23/26a-13 1913.15 2.88 -4.93 MATRIX 1937.25 BP 
23126a-13 1915.4 2.36 -5.65 MATRIX 1939.5 BP 
23/26a-13 2.73 -5.925 MATRIX 1939.95 H. Doran 
23/26a-13 1917.65 2.21 -5.44 MATRIX 1941.75 BP 
23/26a-13 2.829 -6.267 MATRIX 1952.24 H. Doran 
23126a-13 1929.58 2.61 -6.01 MATRIX 1953.68 BP 
23/26a-13 2.65 -6.717 MATRIX 1955.37 H. Doran 
23/26a-13 1932.72 2.73 -5.75 MATRIX 1956.32 BP 
23/26a-13 1934.74 2.56 -6.32 MATRIX 1958.34 BP 
23/26a-13 2.284 -6.365 MATRIX 1959.22 H. Doran 
23/26a-13 1936.79 2.47 -6.12 MATRIX 1960.39 BP 
23/26a-13 2.718 -6.257 MATRIX 1960.9 H. Doran 
23/26a-13 1938.83 2.72 -5.39 MATRIX 1962.43 BP 
23/26a-13 1942.18 2.69 -5.81 MATRIX 1965.78 BP 
23/26a-13 2.589 -6.303 MATRIX 1966.75 H. Doran 
23126a-13 1945.98 2.69 -6.16 MATRIX 1969.58 BP 
23/26a-13 1950.3 2.73 -6.22 MATRIX 1973.9 BP 
23/26a-13 1953.64 2.45 -5.82 MATRIX 1977.54 BP 
23/26a-13 1959.93 2.72 -5.82 MATRIX 1983.83 BP 
23/26a-13 1960.7 2.4 -5.68 MATRIX 1984.6 BP 
23/26a-13 1963.13 2.43 -5.51 MATRIX 1986.73 BP 
23/26a-13 1964.91 2.55 -5.39 MATRIX 1988.51 BP 
23/26a-13 1972.71 2.71 -6.05 MATRIX 1996.81 BP 
23/26a-13 1975.65 2.62 -5.79 MATRIX 1999.75 BP 
23/26a-13 1977.68 2.77 -6.26 MATRIX 2001.78 BP 
23/26a-13 2.582 -6.664 MATRIX 2001.9 H. Doran 
23/26a-13 2.44 -7.161 MATRIX 2009.77 H. Doran 
23/26a-13 2.473 -6.5 MATRIX 2015.55 H. Doran 
23/26a-13 2.249 -6.836 MATRIX 2019.29 H. Doran 
23/26a-13 2.179 -6.354 MATRIX 2022.95 H. Doran 
23/26a-13 2012.55 2.4 -5.68 MATRIX 2036.65 BP 
23126a-13 2013.32 2.08 -5.91 MATRIX 2037.42 BP 
23126a-13 2018.74 2.44 -5.92 MATRIX 2042.84 BP 
23126a-13 2020.8 2.37 -5.53 MATRIX 2044.9 BP 
23126a-13 2022.4 2.19 -6.15 MATRIX 2046.5 BP 
23/26a-13 1.546 -5.443 MATRIX 2052.9 H. Doran 
23126a-13 2029.54 1.99 -6.38 MATRIX 2053.54 BP 
23126a-13 2034.58 1.81 -6.53 MATRIX 2058.58 BP 
23126a-13 2036.37 1.83 -6.2 MATRIX 2060.37 BP 
23126a-13 2045.45 -1.37 -6.56 MATRIX 2069.45 BP 
23/26a-13 2068.15 0.4 -7.09 MATRIX 2090.75 BP 
23/26a-13 2079.81 -0.23 -7.85 MATRIX 2102.91 BP 
23/26a-12 2171.66 2.05 -5.02 MATRIX 2200.16 BP 
23/26a-12 2.614 -4.813 MATRIX 2200.75 H. Doran 
23/26a-12 2.958 -4.377 MATRIX 2200.85 H. Doran 
23/26a-12 2.833 -5.113 MATRIX 2202.3 H. Doran 
23/26a-12 2.644 -5.356 MATRIX 2203.5 H. Doran 
23/26a-12 2.645 -4.52 MATRIX 2203.6 H. Doran 
23/26a-12 2.61 -4.168 MATRIX 2204.8 H. Doran 
23/26a-12 2.669 -4.6 MATRIX 2205.55 H. Doran 
23/26a-12 2.479 -4.187 MATRIX 2206.6 H. Doran 
23/26a-12 2178.64 2.2 -5.33 MATRIX 2207.74 BP 
23/26a-12 2.637 -4.243 MATRIX 2207.8 H. Doran 
23/26a-12 2.483 -6.111 MATRIX 2208.85 H. Doran 
23/26a-12 2.582 -4.17 MATRIX 2209.5 H. Doran 
23/26a-12 2.823 -4.363 MATRIX 2210.5 H. Doran 
23/26a-12 2.665 -4.231 MATRIX 2212.75 H. Doran 
23/26a-12 2.757 -4.763 MATRIX 2213.7 H. Doran 
23/26a-12 2.769 -4.453 MATRIX 2214.73 H. Doran 
23/26a-12 3.185 -5.17 MATRIX 2215.35 H. Doran 
23/26a-12 2.734 -4.511 MATRIX 2216.8 H. Doran 
23/26a-12 2187.87 2.49 -5.16 MATRIX 2216.97 BP 
23/26a-12 4.394 -5.847 MATRIX 2217.3 H. Doran 
23126a-12 2.751 -4.435 MATRIX 2218.75 H. Doran 
23/26a-12 2.617 -4.185 MATRIX 2219.15 H. Doran 
23/26a-12 2.614 -4.907 MATRIX 2221.37 H. Doran 
23/26a-12 2192.66 2.13 -5.88 MATRIX 2221.76 BP 
23/26a-12 2.492 -4.959 MATRIX 2222.35 H. Doran 
23/26a-12 2.806 -4.51 MATRIX 2223.45 H. Doran 
23/26a-12 2.851 -5.737 MATRIX 2224.08 H. Doran 
23/26a-12 3.196 -5.647 MATRIX 2226.5 H. Doran 
23/26a-12 3.699 -8.329 MATRIX 2227.55 H. Doran 
23/26a-12 2.627 -5.151 MATRIX 2228.25 H. Doran 
23/26a-12 2.585 -5.111 MATRIX 2229.5 H. Doran 
23/26a-12 2.478 -4.809 MATRIX 2230.55 H. Doran 
23/26a-12 2202.4 2.32 -5.18 MATRIX 2231.5 BP 
23/26a-12 2207.64 2.6 -5.46 MATRIX 2237.24 BP 
23126a-12 2209.14 2.38 -5.54 MATRIX 2238.74 BP 
23/26a-12 2211.15 2.37 -5.96 MATRIX 2240.75 BP 
23/26a-12 2213.37 1.98 -5.89 MATRIX 2242.97 BP 
23/26a-12 2213.9 2.38 -6.4 MATRIX 2243.5 BP 
23126a-12 2219.45 2.34 -5.43 MATRIX 2249.05 BP 
23/26a-12 2221.2 2.33 -5.36 MATRIX 2251.3 BP 
23126a-12 2225.9 2.36 -4.9 MATRIX 2256 BP 
23/26a-12 2229.94 2.04 -6.67 MATRIX 2260.04 BP 
23/26a-12 2234.71 2.08 -5.77 MATRIX 226481 BP 
23/26a-12 2237.9 1.79 -5.55 MATRIX 2268 BP 
23/26a-12 2244.66 1.87 -5.81 MATRIX 2274.76 BP 
23126a-12 2247.43 1.8 -6.19 MATRIX 2277.53 BP 
23126a-12 2258.1 1.68 -5.67 MATRIX 2288.2 OP 
23126a-12 2258.69 1.75 -5.89 MATRIX 2288.79 BP 
23/26a-13z 2469 0.79 -6.15 MATRIX 2656.8 BP 
23/26a-13z 2477.98 1.25 -5.21 MATRIX 2665.78 BP 
23/26a-13z 2486.55 1.51 -5.01 MATRIX 2674.35 BP 
23/26a-13z 2498.58 1.63 -5.05 MATRIX 2686.38 BP 
23/26a-13z 2504.29 1.69 -5.93 MATRIX 2692.29 BP 
23/26a-13z 2509.75 1.76 -5.35 MATRIX 2697.65 BP 
23/26a-13z 2521.46 1.79 -4.86 MATRIX 2709.86 BP 
23/26a-13z 2523.98 1.81 -5.11 MATRIX 2712.38 BP 
23/26a-13z 2524.5 1.84 -5.41 MATRIX 2712.9 BP 
23/26a-13z 2527.01 1.87 -5.41 MATRIX 2715.41 BP 
23/26a-13z 2540.56 1.95 -5.15 MATRIX 2729.26 BP 
23/26a-13z 2555 2.2 -5.07 MATRIX 2743.9 BP 
23/26a-13z 2576.7 2.23 -4.83 MATRIX 2766.4 BP 
23/26a-13z 2589.08 2.26 -5.27 MATRIX 2778.88 BP 
23/26a-13z 2596.1 2.33 -5.24 MATRIX 2785.9 BP 
23/26a-13z 2600.4 1.77 -4.33 MATRIX 2790.2 BP 
23/26a-13z 2609.8 1.74 -5.99 MATRIX 2799.6 BP 
Appendix Table 2: Stable isotope data for the chalk matrix 
Appendix 3a: Aqueous Fluid Inclusion Data. 
Well Sample Depth Type Th Tm ICE Salinity Measured 
Name (m) (deg C) (deg C) By 
23/26a-13 Calcite 1 1960.77 P 113.5 -7.9 11.58 BP 
23/26a-13 Calcite 1 1960.77 P -7.7 11.34 BP 
23/26a-13 Calcite 1 1960.77 P -7.1 10.61 BP 
23/26a-13 Calcite 1 1960.77 P -6.9 10.36 BP 
23/26a-13 Calcite 1 1960.77 P -6.4 9.73 BP 
23/26a-13 Calcite 1 1960.77 P 102.2 -6.0 9.21 BP 
23/26a-13 Calcite 1 1960.77 P -5.6 8.68 BP 
23/26a-13 Calcite 1 1960.77 P -5.3 8.28 BP 
23/26a-13 Calcite 1 1960.77 P -4.4 7.02 BP 
23/26a-13 Calcite 1 1960.77 P -3.8 6.16 BP 
23/26a-13 Calcite 1 1960.77 P -3.8 6.16 BP 
23/26a-13 Calcite 1 1960.77 P 81.9 -3.5 5.71 BP 
23/26a-13 Calcite 1 1960.77 P/PS -7.4 10.98 BP 
23/26a-13 Calcite 1 1960.77 P/PS 86.0 -6.9 10.36 BP 
23/26a-13 Calcite 1 1960.77 P/PS -6.8 10.24 BP 
23/26a-13 Calcite 1 1960.77 P/PS 88.1 -6.1 9.34 BP 
23/26a-13 Calcite 1 1960.77 P/PS 89.8 -6.1 9.34 BP 
23/26a-13 Calcite 1 1960.77 P/PS 91.9 -5.9 9.08 BP 
23/26a-13 Calcite 1 1960.77 P/PS 116.8 -5.9 9.08 BP 
23/26a-13 Calcite 1 1960.77 P/PS 80.4 -5.7 8.81 BP 
23/26a-13 Calcite 1 1960.77 P/PS 81.6 -5.5 8.55 BP 
23/26a-13 Calcite 1 1960.77 P/PS 108.9 -5.5 8.55 BP 
23/26a-13 Calcite 1 1960.77 P/PS -5.5 8.55 BP 
23/26a-13 Calcite 1 1960.77 P/PS 86.9 -5.2 8.14 BP 
23/26a-13 Calcite 1 1960.77 P/PS 83.5 -5.1 8.00 BP 
23/26a-13 Calcite 1 1960.77 P/PS -5.1 8.00 BP 
23/26a-13 Calcite 1 1960.77 P/PS 81.6 -4.9 7.73 BP 
23/26a-13 Calcite 1 1960.77 P/PS -4.9 7.73 BP 
23/26a-13 Calcite 1 1960.77 P/PS 105.8 -4.8 7.59 BP 
23/26a-13 Calcite 1 1960.77 P/PS 81.1 -4.7 7.45 BP 
23/26a-13 Calcite 1 1960.77 P/PS 74.7 -4.6 7.31 BP 
23/26a-13 Calcite 1 1960.77 P/PS 77.3 -4.6 7.31 BP 
23/26a-13 Calcite 1 1960.77 P/PS 90.6 -4.5 7.17 BP 
23/26a-13 Calcite 1 1960.77 P/PS 82.6 -4.4 7.02 BP 
23/26a-13 Calcite 1 1960.77 P/PS 73.0 -4.3 6.88 BP 
23/26a-13 Calcite 1 1960.77 P/PS 102.1 -4.1 6.59 BP 
23/26a-13 Calcite 1 1960.77 P/PS 88.8 -4.0 6.45 BP 
23/26a-13 Calcite 1 1960.77 P/PS 84.3 -3.8 6.16 BP 
23/26a-13 Calcite 1 1960.77 P/PS 78.1 -3.7 6.01 BP 
23/26a-13 Calcite 1 1960.77 P/PS 78.4 -3.5 5.71 BP 
23/26a-13 Calcite 1 1960.77 P/PS -3.5 5.71 BP 
23/26a-13 Calcite 1 1960.77 P/PS 71.1 -3.4 5.56 BP 
23/26a-13 Calcite 1 1960.77 P/PS 86.7 -3.3 5.41 BP 
23/26a-13 Calcite 1 1960.77 P/PS 67.1 -2.6 4.34 BP 
23/26a-13 Calcite 1 1960.77 P/ps 83.6 -2.0 3.39 BP 
23/26a-13 Calcite 1 1960.77 p/Ps 101.3 -2.0 3.39 BP 
23/26a-13 Calcite 1 1960.77 S -3.8 6.16 BP 
23/26a-13 Calcite 3 1977.6 P 96.3 -11.7 15.67 BP 
23/26a-13 Calcite 3 1977.6 p 106.5 -7.7 11.34 BP 
23/26a-13 Calcite 3 1977.6 P/Ps -12.2 16.15 BP 
23/26a-13 Calcite 3 1977.6 P/PS 86.4 -10.9 14.87 BP 
23/26a-13 Calcite 3 1977.6 P/Ps -10.4 14.36 BP 
23/26a-13 Calcite 3 1977.6 P/Ps -7.5 11.1 BP 
23/26a-13 Calcite 3 1977.6 P/PS 100.6 -6.3 9.6 BP 
23/26a-13 Calcite 3 1977.6 P/PS 97.4 -5.9 9.08 BP 
23/26a-13 Calcite 3 1977.6 P/Ps 84.4 -5.8 8.95 BP 
23/26a-13 Calcite 3 1977.6 P/PS 90 -5.7 8.81 BP 
23/26a-13 Calcite 3 1977.6 P/PS 77.5 -5.3 8.28 BP 
23/26a-13 Calcite 3 1977.6 P/PS 105.5 -4.5 8.41 BP 
23/26a-13 Calcite 3 1977.6 S 103.9 -13.6 17.43 BP 
23/26a-13 Calcite 3 1977.6 5 99.1 -13.4 17.26 BP 
23/26a-13 Calcite 3 1977.6 S 68.6 -5.7 8.81 BP 
23/26a-13 Calcite 3 2006.5 P 82.6 -7.4 10.98 BP 
23/26a-13 Calcite 3 2006.5 P 82.9 -7.3 10.86 BP 
23/26a-13 Calcite 3 2006.5 P 99.1 BP 
23/26a-13 Calcite 3 2006.5 P 105.3 -6.9 10.36 BP 
23/26a-13 Calcite 3 2006.5 PS 94.2 -9.3 13.18 BP 
23/26a-13 Calcite 3 2006.5 PS 95 -8.6 12.39 BP 
23/26a-13 Calcite 3 2006.5 P5 95.1 -7.7 11.34 BP 
23/26a-13 Calcite 3 2006.5 PS 95.9 -8.5 12.28 BP 
23/26a-13 Calcite 3 2006.5 PS 98.4 -7.2 10.73 BP 
23/26a-13 Calcite 3 2006.5 PS 102 BP 
23/26a-13 Calcite 3 2006.5 PS 102.4 -8 11.7 BP 
23/26a-13 Calcite 3 2006.5 PS 103.6 -8.4 12.16 BP 
23/26a-13 Calcite 3 2006.5 PS 104.4 -8.7 12.51 BP 
23/26a-13 Calcite 3 2006.5 PS 106 -8.8 12.62 BP 
23/26a-13 Calcite 3 2006.5 P5 108.7 -9 12.85 BP 
23/26a-13 Calcite 3 2006.5 PS -9.1 12.96 BP 
23/26a-13 Calcite 3 2006.5 S -8 11.7 BP 
23/26a-13 Calcite 3 2046.6 P/Ps 76.6 -3.4 5.56 BP 
23/26a-13 Calcite 3 2046.6 P/PS 80.6 -9.5 13.4 BP 
23/26a-13 Calcite 3 2046.6 P/PS 81.2 -3.4 5.56 BP 
23/26a-13 Calcite 3 2046.6 P/PS 82.5 -2.2 3.71 BP 
23/26a-13 Calcite 3 2046.6 P/PS 87.3 -5.9 9.08 BP 
23/26a-13 Calcite 3 2046.6 P/P5 87.7 -6.3 9.6 BP 
23/26a-13 Calcite 3 2046.6 P/PS 89.9 -6.2 9.47 BP 
23/26a-13 Calcite 3 2046.6 P/PS 102.5 -6.7 10.11 BP 
23/26a-13 Calcite 3 2046.6 P/PS 107.4 -8 11.7 BP 
23/26a-13 Calcite 3 2046.6 P/PS -6.6 9.98 BP 
23/26a-13 Calcite 3 2046.6 P/PS -6 1.05 BP 
23/26a-13 Calcite 3 2046.6 P/PS -1.6 2.74 BP 
23/26a-13 Calcite 3 2049.8 P 59.8 -7.4 10.98 H.Doran 
23/26a-13 Calcite 3 2049.8 P 64.8 -8.2 11.93 H.Doran 
23/26a-13 Calcite 3 2049.8 P 65.2 -9.1 12.96 H.Doran 
23/26a-13 Calcite 3 2049.8 P 65.2 -7.2 10.73 H.Doran 
23/26a-13 Calcite 3 2049.8 P 65.3 -10.3 14.25 H.Doran 
23/26a-13 Calcite 3 2049.8 P 67.5 -6.9 10.36 H.Doran 
23/26a-13 Calcite 3 2049.8 P 67.8 -13.1 16.99 H.Doran 
23/26a-13 Calcite 3 2049.8 P 67.8 -9.2 12.96 H.Doran 
23/26a-13 Calcite 3 2049.8 P 68.5 -10.2 14.15 H.Doran 
23/26a-13 Calcite 3 2049.8 P 68.5 -5.6 8.68 H.Dorari 
23/26a-13 Calcite 3 2049.8 P 68.5 -4.9 7.73 H.Doran 
23/26a-13 Calcite 3 2049.8 P 68.9 H. Doran 
23/26a-13 Calcite 3 2049.8 P 69.3 -9.8 13.72 H. Doran 
23/26a-13 Calcite 3 2049.8 P 69.3 -13.2 17.08 H.Doran 
23/26a-13 Calcite 3 2049.8 P 69.8 -8.5 12.28 H.Doran 
23/26a-13 Calcite 3 2049.8 P 75.1 -8.3 12.05 H.Doran 
23/26a-13 Calcite 3 2049.8 P 75.8 -12.5 16.43 H.Doran 
23/26a-13 Calcite 3 2049.8 P 76.3 -5.2 8.14 H.Doran 
23/26a-13 Calcite 3 2049.8 P 102.5 -11.9 15.86 H.Doran 
23/26a-13 Calcite 3 2049.8 P 103.1 -8.9 12.73 H.Doran 
23/26a-13 Calcite 3 2049.8 P 105 -6.2 9.47 H. Doran 
23/26a-13 Calcite 3 2049.8 P 104.2 -9.8 13.72 H.Doran 
23/26a-13 Calcite 3 2049.8 P 78.4 -11.9 15.86 H.Doran 
23/26a-13 Calcite 3 2049.8 P 79.5 -5.6 8.68 H. Doran 
23/26a-13 Calcite 3 2049.8 P 79.5 -9.2 13.07 H.Doran 
23/26a-13 Calcite 3 2049.8 P 84.2 -7.4 10.98 H.Doran 
23/26a-13 Calcite 3 2049.8 P 85.2 -5.1 8 H.Doran 
23/26a-13 Calcite 3 2049.8 P 85.9 -11.4 15.37 H.Dorari 
23/26a-13 Calcite 3 2049.8 P 85.9 -7.4 10.98 H.Doran 
23/26a-13 Calcite 3 2049.8 P 86.2 -11.2 15.07 H.Doran 
23/26a-13 Calcite 3 2049.8 P 86.5 -8.1 11.81 H. Doran 
23/26a-13 Calcite 3 2049.8 P 88.9 -5.8 8.95 H.Dorari 
23/26a-13 Calcite 3 2049.8 P 89.5 -11.2 15.17 H.Doran 
23/26a-13 Calcite 3 2049.8 P 89.9 -12.1 16.05 H.Doran 
23/26a-13 Calcite 3 2049.8 P 95.1 -6.8 10.24 H.Doran 
23/26a-13 Calcite 3 2049.8 P 95.8 -7.3 10.86 H.Doran 
23/26a-13 Calcite 3 2049.8 P 96.4 -5.8 8.95 H.Doran 
23/26a-13 Calcite 3 2049.8 P 96.5 -7.9 11.58 H.Doran 
23/26a-13 Calcite 3 2049.8 P 96.8 -11.5 15.47 H.Doran 
23/26a-13 Calcite 3 2049.8 P 96.8 -4.3 6.88 H.Doran 
23/26a-13 Calcite 3 2049.8 P 98.8 -6.9 10.36 H. Doran 
23/26a-13 Calcite 3 2049.8 P 101.3 -13.2 17.08 H.Doran 
23/26a-13 Calcite 3 2049.8 P 101.5 -7.9 11.58 H. Doran 
23/26a-13 Calcite 3 2049.8 P 101.5 -7.4 10.98 H.Doran 
23/26a-13 Calcite 3 2049.8 P 106.8 -7.2 10.73 H.Doran 
23/26a-13 Calcite 3 2049.8 P 110.2 -6.5 9.86 H.Doran 
23/26a-13 Calcite 3 2049.8 P 110.5 -7.9 11.58 H.Doran 
23/26a-13 Calcite 3 2049.8 P 113.5 -7.1 10.61 H.Doran 
23/26a-13 Calcite 4 1904.6 P 100.6 -16.3 19.68 BP 
23/26a-13 Calcite 4 1904.6 P 96.1 -11.3 15.27 BP 
23/26a-13 Calcite 4 1904.6 p 105.2 -8.5 12.28 BP 
23/26a-13 Calcite 4 1904.6 P 87.2 -5.4 8.41 BP 
23/26a-13 Calcite 4 1904.6 P 74.5 -4.1 6.59 BP 
23/26a-13 Calcite 4 1904.6 P 74.2 -3.2 5.26 BP 
23/26a-13 Calcite 4 1904.6 S 88.8 -19.2 21.82 BP 
23/26a-13 Calcite 4 1904.6 S 90.8 -19.2 21.82 BP 
23/26a-13 Calcite 4 1904.6 S -19 21.68 BP 
23/26a-13 Calcite 4 1904.6 S 95 -18 20.97 BP 
23/26a-13 Calcite 4 1904.6 S 81.7 -5.7 8.81 BP 
23/26a-13 Calcite 4 1904.6 S 81.9 -5.3 8.28 BP 
23/26a-13 Calcite 4 1904.6 S 81.8 BP 
23/26a-13 Calcite 4 1905.8 P -22.8 24.6 BP 
23/26a-13 Calcite 4 1905.8 P -21.4 23.6 BP 
23/26a-13 Calcite 4 1905.8 P -21.2 23.18 BP 
23/26a-13 Calcite 4 1905.8 P -17.7 20.75 BP 
23/26a-13 Calcite 4 1905.8 P -16.8 20.07 BP 
23/26a-13 Calcite 4 1905.8 P 98.2 -13.2 17.08 BP 
23/26a-13 Calcite 4 1905.8 P -12.3 16.24 BP 
23/26a-13 Calcite 4 1905.8 P -12 15.96 BP 
23/26a-13 Calcite 4 1905.8 P -7.9 11.58 BP 
23/26a-13 Calcite 4 1905.8 P -7.5 11.1 BP 
23/26a-13 Calcite 4 1905.8 P 85.2 -7 10.49 BP 
23/26a-13 Calcite 4 1905.8 P 81.9 -6.4 9.73 BP 
23/26a-13 Calcite 4 1905.8 P 83.5 -6.3 9.6 BP 
23/26a-13 Calcite 4 1905.8 P 80.4 -6.2 9.47 BP 
23/26a-13 Calcite 4 1905.8 P 63.1 -5.4 8.41 BP 
23/26a-13 Calcite 4 1905.8 P 77.8 -5.4 8.41 BP 
23/26a-13 Calcite 4 1905.8 P 78 -5.3 8.28 BP 
23/26a-13 Calcite 4 1905.8 P 63.4 -3.9 6.3 BP 
23/26a-13 Calcite 4 1905.8 P 118.2 -3.7 6.01 BP 
23/26a-13 Calcite 4 1905.8 S 88.7 BP 
23/26a-13 Calcite 4 1933.9 S 88.8 -10.1 14.04 BP 
23/26a-13 Calcite 4 1933.9 5 87 -9.8 13.72 BP 
23/26a-13 Calcite 4 1933.9 S 92.8 -9.8 13.72 BP 
23/26a-13 Calcite 4 1933.9 S 85.3 -9.5 13.4 BP 
23/26a-13 Calcite 4 1933.9 5 93.6 -9.3 13.18 BP 
23/26a-13 Calcite 4 1933.9 S 94.3 -9.3 13.18 BP 
23/26a-13 Calcite 4 1933.9 S 90.9 -9 12.85 BP 
23/26a-13 Calcite 4 1933.9 S 87.3 -8.9 12.73 BP 
23/26a-13 Calcite 4 1933.9 5 -4.3 6.88 BP 
23/26a-13 Calcite 4 1933.9 S 94.6 -4.2 6.74 BP 
23/26a-13 Calcite 4 1933.9 S -3.8 6.16 BP 
23/26a-13 Calcite 4 1933.9 S -3.8 6.16 BP 
23/26a-13 Calcite 4 1933.9 5 -2.7 4.49 BP 
23/26a-13 Calcite 4 1933.9 S -2.7 4.49 BP 
23/26a-13 Calcite 4 1933.9 S -2.3 3.87 BP 
23/26a-13 Calcite 4 1933.9 S -2.1 3.55 BP 
23/26a-13 Calcite 4 1933.9 S -1.8 3.06 BP 
23/26a-13 Calcite 4 1933.9 S 66.6 -1.7 2.9 BP 
23/26a-13 Calcite 4 1933.9 S 64 -1 1.74 BP 
23/26a-13 Calcite 4 1933.9 S -14.9 18.55 BP 
23/26a-13 Calcite 4 1944.7 P 77.9 -6.1 9.34 BP 
23/26a-13 Calcite 4 1944.7 P 77.9 -3.3 5.41 BP 
23/26a-13 Calcite 4 1944.7 P/Ps 76.4 -6.7 10.11 BP 
23/26a-13 Calcite 4 1944.7 P/Ps 69.1 -6.5 9.86 BP 
23/26a-13 Calcite 4 1944.7 P/Ps 69 -5.5 8.55 BP 
23/26a-13 Calcite 4 1951.8 P -14.7 18.38 BP 
23/26a-13 Calcite 4 1951.8 P 92.1 -5.6 8.68 BP 
23/26a-13 Calcite 4 1951.8 P/Ps 81.7 -22.9 24.6 BP 
23/26a-13 Calcite 4 1951.8 P/PS -22.6 24.4 BP 
23/26a-13 Calcite 4 1951.8 P/Ps 78.2 -22.4 24.3 BP 
23/26a-13 Calcite 4 1951.8 P/PS -16.6 19.92 BP 
23/26a-13 Calcite 4 1951.8 P/PS 96.3 -16.2 19.6 BP 
23/26a-13 Calcite 4 1951.8 P/PS 93.8 -14.3 17.96 BP 
23/26a-13 Calcite 4 1951.8 P/PS 98 -13.5 17.34 BP 
23/26a-13 Calcite 4 1951.8 P/Ps 94.9 -9.3 13.18 BP 
23/26a-13 Calcite 4 1951.8 P/PS -8.6 12.39 BID 
23/26a-13 Calcite 4 1951.8 P/Ps 83.7 -8.2 11.93 BP 
23/26a-13 Calcite 4 1951.8 P/PS 93.2 -8.1 11.81 BP 
23/26a-13 Calcite 4 1951.8 P/PS 98.2 -7.9 11.58 BP 
23/26a-13 Calcite 4 1951.8 P/PS -7.4 10.98 BP 
23/26a-13 Calcite 4 1951.8 P/PS 76.6 -7.3 10.73 BP 
23/26a-13 Calcite 4 1951.8 P/PS -6.8 10.24 BP 
23/26a-13 Calcite 4 1951.8 P/PS 91.7 -6 9.21 BP 
23/26a-13 Calcite 4 1951.8 P/PS 78.3 -5.8 8.96 BP 
23/26a-13 Calcite 4 1951.8 P/PS 75.7 BP 
23/26a-13 Calcite 4 1951.8 P/PS 85.4 BP 
23/26a-13 Calcite 4 1951.8 5 -14.8 18.47 BP 
23/26a-13 Calcite 4 1951.9 P/PS -12.9 16.8 BP 
23/26a-13 Calcite 4 1951.9 P/PS -11 14.97 BP 
23/26a-13 Calcite 4 1951.9 P/PS 94.6 -10.9 14.87 BP 
23/26a-13 Calcite 4 1951.9 P/PS -10.2 14.04 BP 
23/26a-13 Calcite 4 1951.9 P/PS 93.2 -9.8 13.72 BP 
23/26a-13 Calcite 4 1951.9 P/PS -7.8 11.58 BP 
23/26a-13 Calcite 4 1951.9 P/PS -7.6 11.22 BP 
23/26a-13 Calcite 4 1951.9 P/PS -6.5 9.86 BP 
23/26a-13 Calcite 4 1951.9 P/PS -6.1 9.34 BP 
23/26a-13 Calcite 4 1951.9 P/PS 94.3 -6 9.21 BP 
23/26a-13 Calcite 4 1951.9 P/PS -6 9.21 BP 
23/26a-13 Calcite 4 1951.9 P/PS 81.9 -5.5 8.55 BP 
23/26a-13 Calcite 4 1951.9 P/PS -5.3 8.28 BP 
23/26a-13 Calcite 4 1951.9 P/Ps -4.3 6.88 BP 
23/26a-13 Calcite 4 1951.9 P/Ps -3.7 6.01 BP 
23/26a-13 Calcite 4 1951.9 P/Ps -3.7 6.01 BP 
23/25a-13 Calcite 4 1979.9 P 108.9 -22.1 24 H.Doran 
23/26a-13 Calcite 4 1979.9 P 82.3 -20.9 22.98 H.Doran 
23/26a-13 Calcite 4 1979.9 P 97.5 -20.7 22.85 H.Doran 
23/26a-13 Calcite 4 1979.9 P 97.3 -20.1 22.44 H.Doran 
23/26a-13 Calcite 4 1979.9 P 83.4 -19.1 21.75 H.Doran 
23/26a-13 Calcite 4 1979.9 P 102 -17 20.22 H. Doran 
23/26a-13 Calcite 4 1979.9 P 81.2 -16.7 19.99 H.Doran 
23/26a-13 Calcite 4 1979.9 P -16.5 19.84 H. Doran 
23/26a-13 Calcite 4 1979.9 P 66.9 -16.1 19.53 H. Doran 
23/26a-13 Calcite 4 1979.9 P 64.9 -16.1 19.53 H.Doran 
23/26a-13 Calcite 4 1979.9 P 90.2 -15.7 19.21 H.Doran 
23/26a-13 Calcite 4 1979.9 P 95.2 -15.1 18.72 H. Doran 
23/26a-13 Calcite 4 1979.9 P 84.2 -14.7 18.38 H.Doran 
23/26a-13 Calcite 4 1979.9 P 103.2 -14.2 17.96 H. Doran 
23/26a-13 Calcite 4 1979.9 P 79.3 -14.2 17.96 H.Doran 
23/26a-13 Calcite 4 1979.9 P 64.8 -14.2 17.96 H.Doran 
23/26a-13 Calcite 4 1979.9 P 88.8 -14.1 17.87 H.Doran 
23/26a-13 Calcite 4 1979.9 P 66.1 -14 17.79 H. Doran 
23/26a-13 Calcite 4 1979.9 P -14 17.79 H. Doran 
23/26a-13 Calcite 4 1979.9 P 88.3 -13.9 17.7 H.Doran 
23/26a-13 Calcite 4 1979.9 P 91 -13.8 17.61 H. Doran 
23/26a-13 Calcite 4 1979.9 P 76.7 -13.8 17.61 H.Doran 
23/26a-13 Calcite 4 1979.9 P 62.1 -13.7 17.52 H. Doran 
23/26a-13 Calcite 4 1979.9 P 81 -13.7 17.52 H.Doran 
23/26a-13 Calcite 4 1979.9 P 99.9 -13.5 17.34 H. Doran 
23/26a-13 Calcite 4 1979.9 P 63.5 -13.4 17.26 H.Doran 
23/26a-13 Calcite 4 1979.9 P 59 -13.2 17.08 H.Doran 
23/26a-13 Calcite 4 1979.9 P 74.9 -13.2 17.08 H.Doran 
23/26a-13 Calcite 4 1979.9 P 78.2 -13.2 17.08 H.Doran 
23/26a-13 Calcite 4 1979.9 P 84.9 -13.2 17.08 H.Doran 
23/26a-13 Calcite 4 1979.9 P 64.1 -13.2 17.08 H. Doran 
23/26a-13 Calcite 4 1979.9 P 102.1 -13.1 16.99 H. Doran 
23/26a-13 Calcite 4 1979.9 P 104.3 -13 16.89 H. Doran 
23/26a-13 Calcite 4 1979.9 P 95 -13 16.89 H. Doran 
23/26a-13 Calcite 4 1979.9 P 65.2 -12.9 16.8 H. Doran 
23/26a-13 Calcite 4 1979.9 P 81.9 -12.9 16.8 H.Doran 
23/26a-13 Calcite 4 1979.9 P 100 -12.5 16.43 H. Doran 
23/26a-13 Calcite 4 1979.9 P 65.2 -12.5 16.43 H.Doran 
23/26a-13 Calcite 4 1979.9 P 75.1 -12.4 16.34 H.Doran 
23/26a-13 Calcite 4 1979.9 P 97.1 -12.3 16.24 H. Doran 
23/26a-13 Calcite 4 1979.9 P 83.2 -12.2 16.15 H.Doran 
23/26a-13 Calcite 4 1979.9 P 69.1 -12.1 16.05 H.Doran 
23/26a-13 Calcite 4 1979.9 P 73.9 -11.9 15.86 I-LDoran 
23/26a-13 Calcite 4 1979.9 P 74.9 -11.9 15.86 H.Doran 
23/26a-13 Calcite 4 1979.9 P 63.7 -11.5 15.47 H.Doran 
23/26a-13 Calcite 4 1979.9 P 74.3 -11.3 15.27 H.Doran 
23/26a-13 Calcite 4 1979.9 p 85.4 -11.3 15.27 H.Doran 
23/26a-13 Calcite 4 1979.9 P 107.3 -11.3 15.27 H. Doran 
23/26a-13 Calcite 4 1979.9 P 72.3 -11 14.97 H.Doran 
23/26a-13 Calcite 4 1979.9 p 97 -10.8 14.77 H. Doran 
23/26a-13 Calcite 4 1979.9 P 85.9 -10.2 14.15 H. Doran 
23/26a-13 Calcite 4 1979.9 P 88.2 -9.9 13.83 H. Doran 
23/26a-13 Calcite 4 1979.9 p 65.9 -9.8 13.72 H.Doran 
23/26a-13 Calcite 4 1979.9 p 66.2 -9.2 13.07 H.Doran 
23/26a-13 Calcite 4 1979.9 P 105.9 -9.2 13.07 H. Doran 
23/26a-13 Calcite 4 1979.9 p 72.1 -9.1 12.96 H.Doran 
23/26a-13 Calcite 4 1979.9 P 83 -8.9 12.73 H. Doran 
23/26a-13 Calcite 4 1979.9 P 90.5 -8.8 12.62 H. Doran 
23/26a-13 Calcite 4 1979.9 p 64.5 -8.4 12.16 H.Doran 
23/26a-13 Calcite 4 1979.9 p 78.8 -8.3 12.05 H. Doran 
23/26a-13 Calcite 4 1979.9 P 69.2 -8 11.7 H.Doran 
23/26a-13 Calcite 4 1979.9 P 74.1 -8 11.7 H.Doran 
23/26a-13 Calcite 4 1979.9 p 75.9 -8 11.7 H.Doran 
23/26a-13 Calcite 4 1979.9 P 84.7 -7.3 10.86 H. Doran 
23/26a-13 Calcite 4 1979.9 P 65.2 -7.2 10.73 H.Doran 
23/26a-13 Calcite 4 1979.9 p 78.4 -7 10.49 H.Doran 
23/26a-13 Calcite 4 1979.9 P 102.4 -6.8 10.24 H. Doran 
23/26a-13 Calcite 4 1979.9 p 88.3 -6.4 9.73 H. Doran 
23/26a-13 Calcite 4 1979.9 p 73.2 -6.3 9.6 H.Doran 
23/26a-13 Calcite 4 1979.9 p 75.3 -6.3 9.6 H.Doran 
23/26a-13 Calcite 4 1979.9 p 69.1 -6.2 9.47 H.Doran 
23/26a-13 Calcite 4 1979.9 P 80.4 -5.7 8.81 H.Doran 
23/26a-13 Calcite 4 1979.9 p 67.1 -5.2 8.14 H. Doran 
23/26a-13 Calcite 4 1979.9 P 65.5 -4.7 7.45 H.Doran 
23/26a-13 Calcite 4 1979.9 p 92.4 -4.5 7.17 H. Doran 
23/26a-13 Calcite 4 1979.9 P 94 -3.2 5.26 H. Doran 
23/26a-13 Calcite 4 1979.9 P 102.1 H. Doran 
23/26a-13 Calcite 4 1979.9 p 87.3 H.Doran 
23/26a-13 Calcite 4 2048.8 p/Ps 86.6 -6.3 9.6 BP 
23/26a-13 Calcite 4 2048.8 P/Ps 90 -6.3 9.6 BP 
23/26a-13 Calcite 4 2048.8 P/ps 83.7 -5.8 8.95 BP 
23/26a-13 Calcite 4 2048.8 p/Ps 79.6 -5.7 8.81 BP 
23/26a-13 Calcite 4 2048.8 P/PS 83 -5.7 8.81 BP 
23/26a-13 Calcite 4 2048.8 p/ps 85.6 -5.7 8.81 BP 
23/26a-13 Calcite 4 2048.8 P/PS 89.3 -5.7 8.81 BP 
23/26a-13 Calcite 4 2048.8 P/PS 79.9 -5.6 8.68 BP 
23/26a-13 Calcite 4 2048.8 p/ps 72.1 -4.7 7.45 BP 
23/26a-13 Calcite 4 2048.8 P/PS -4.7 7.45 BP 
23/26a-10Z Calcite CR 1954.4 p 98 -16.7 20.2 BP 
23/26a-10Z Calcite CR 1954.4 P 92.9 -9 12.9 BP 
23/26a-10Z Calcite CR 1954.4 P 89.1 -6.7 10.6 BP 
23/26a-10z Calcite CR 1954.4 P -15.4 19.1 BP 
23/26a-13 Celestite 2046.6 PS -17.2 20.6 BP 
23/26a-13 Celestite 2046.6 P 103.6 -17 20.4 BP 
23/26a-13 Celestite 2046.6 Ps -17 20.4 BP 
23/26a-13 Celestite 2046.6 PS -15.6 19.3 BP 
23/26a-13 Celestite 2046.6 p5 -15.2 19 BP 
23/26a-13 Celestite 2046.6 P -15.1 18.9 BP 
23/26a-13 Celestite 2046.6 P 91.5 -13.2 17.2 BP 
23/26a-13 Celestite 2046.6 P 106 -12.7 16.7 BP 
23/26a-13 Celestite 2046.6 P 108.8 -12.2 16.2 BP 
23/26a-13 Celestite 2046.6 P 109.8 -11.1 15.1 BP 
23/26a-13 Celestite 2046.6 P 109.2 -10.1 14.1 BP 
23/26a-13 Celestite 2046.6 P 107.8 -9.5 13.4 BP 
23/26a-13 Celestite 2046.6 P 111.8 -8.9 12.8 BP 
23/26a-13 Celestite 2046.6 P5 106.6 -7.6 11.2 BP 
23/26a-13 Celestite 2046.6 P5 104.7 -6.7 10.1 BP 
23/26a-13 Celestite 2046.6 PS 106.7 -6.5 9.9 BP 
23/26a-13 Celestite 2046.6 P5 107.4 -6.1 9.3 BP 
23/26a-13 Celestite 2046.6 PS 111.4 -6 9.2 BP 
23/26a-13 Celestite 2046.6 P5 105.9 -5.9 9.1 BP 
23/26a-13 Celestite 2046.6 PS 107.1 -5.8 8.9 BP 
23/26a-13 Celestite 2046.6 P5 106.7 -5.1 8 BP 
23/26a-13 Celestite 2046.6 PS 106.8 -13.9 BP 
23/26a-13 Celestite 2046.6 P 102 BP 
Appendix Table 3a: Aqueous Fluid Inclusion Data 
Appendix 3b: Petroleum fluid inclusion data. 
Well Sample Depth Type Th UV Measured By 
Code (m) (deg C) Colour 
23/26a-13 Calcite 1 1960.8 Ps/S 62.1 g-y-w BP 
23/26a-13 Calcite 1 1960.8 Ps/s 64.8 g-y-w BP 
23/26a-13 Calcite 1 1960.8 PS/S 80.1 g-y-w BP 
23/26a-13 Calcite 1 1960.8 PS/S 82.2 g-y-w BP 
23/26a-13 Calcite 1 1960.8 PS/s 98.4 g-y-w BP 
23/26a-13 Calcite 1 1960.8 PS/S 100.3 g-y-w BP 
23/26a-13 Calcite 1 1960.8 P5/S 104.2 blue BP 
23/26a-13 Calcite 1 1960.8 S 73.2 blue BP 
23/26a-13 Calcite 1 1960.8 5 91 g-y-w BP 
23/26a-13 Calcite 1 1960.8 5 91.3 g-y-w BP 
23/26a-13 Calcite 1 1960.8 S 94.1 g-y-w BP 
23/26a-13 Calcite 1 1960.8 5 95.3 g-y-w BP 
23/26a-13 Calcite 1 1960.8 5 95.5 g-y-w BP 
23/26a-13 Calcite 1 1960.8 5 96 g-y-w BP 
23/26a-13 Calcite 1 1960.8 S 96.1 g-y-w BP 
23/26a-13 Calcite 1 1960.8 5 98.8 g-y-w BP 
23/26a-13 Calcite 1 1960.8 S 99.1 g-y-w BP 
23/26a-13 Calcite 1 1960.8 S 100 blue BP 
23/26a-13 Calcite 1 1960.8 S 103.1 g-y-w BP 
23/26a-13 Calcite 1 1960.8 S 103.4 blue BP 
23/26a-13 Calcite 1 1960.8 S 105.8 blue BP 
23/26a-13 Calcite 3 1977.6 PS/S 62.7 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 67.8 g-y-w BP 
23/26a-13 Calcite 3 1977.6 P5/S 71.4 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 73.3 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 80.4 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 84.8 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/s 85.3 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 86.2 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 86.6 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 87.1 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 87.5 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 88 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 90.1 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/s 90.6 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 91.7 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/5 92.4 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 94.4 g-y-w BP 
23/26a-13 Calcite 3 1977.6 PS/S 95.6 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 63.8 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 64 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 92.5 blue BP 
23/26a-13 Calcite 3 2006.5 ps/s 96.3 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 97 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 97.2 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 97.4 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 97.6 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 98.2 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 99.1 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 100.6 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 100.6 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 102.1 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 102.2 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 102.2 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 103 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 104.4 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 104.8 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 104.9 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 105.1 g-y-w BP 
23/26a-13 Calcite 3 2006.5 PS/S 107.2 blue BP 
23/26a-13 Calcite 3 2006.5 PS/S 116.6 blue BP 
23/26a-13 Calcite 3 2046.6 S 85.3 g-y-w BP 
23/26a-13 Calcite 3 2046.6 5 85.5 g-y-w BP 
23/26a-13 Calcite 3 2046.6 S 90.2 g-y-w BP 
23/26a-13 Calcite 3 2046.6 S 91.5 g-y-w BP 
23/26a-13 Calcite 3 2046.6 S 93.3 g-y-w BP 
23/26a-13 Calcite 3 2046.6 S 96.8 g-y-w BP 
23/26a-13 Calcite 3 2046.6 S 100.1 g-y-w BP 
23/26a-13 Calcite 3 2046.6 S 107.7 g-y-w BP 
23/26a-13 Calcite 3 2049.8 p 102.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 105.0 H.Doran 
23/26a-13 Calcite 3 2049.8 p 105.1 H.Doran 
23/26a-13 Calcite 3 2049.8 p 105.9 H.Doran 
23/26a-13 Calcite 3 2049.8 p 108.9 H.Doran 
23/26a-13 Calcite 3 2049.8 p 112.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 117.3 H.Doran 
23/26a-13 Calcite 3 2049.8 p 68.6 H.Doran 
23/26a-13 Calcite 3 2049.8 p 80.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 81.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 82.5 H.Doran 
23/26a-13 Calcite 3 2049.8 p 82.9 H.Doran 
23/26a-13 Calcite 3 2049.8 p 86.9 H.Doran 
23/26a-13 Calcite 3 2049.8 p 88.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 93.8 H.Doran 
23/26a-13 Calcite 3 2049.8 p 97.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 97.9 H.Doran 
23/26a-13 Calcite 3 2049.8 p 98.4 H.Doran 
23/26a-13 Calcite 3 2049.8 p 98.8 H.Doran 
23/26a-13 Calcite 3 2049.8 p I-l.Doran 
23/26a-13 Calcite 3 2049.8 p H.Doran 
23/26a-13 Calcite 4 1904.6 p 95.5 g-y-w BP 
23/26a-13 Calcite 4 1904.6 p 96.2 g-y-w BP 
23/26a-13 Calcite 4 1904.6 P 96.6 g-y-w BP 
23/26a-13 Calcite 4 1904.6 P 96.8 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 97.1 g-y-w BP 
23/26a-13 Calcite 4 1904.6 p 97.5 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 97.5 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 97.6 g-y-w BP 
23/26a-13 Calcite 4 1904.6 P 97.7 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 97.8 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 97.8 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 97.9 g-y-w BP 
23/26a-13 Calcite 4 1904.6 S 98.2 g-y-w BP 
23/26a-13 Calcite 4 1904.6 P 100.3 g-y-w BP 
23/26a-13 Calcite 4 1904.6 P 111.3 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 43.9 b-w BP 
23/26a-13 Calcite 4 1905.8 S 44.5 b-w BP 
23/26a-13 Calcite 4 1905.8 S 51.5 b-w BP 
23/26a-13 Calcite 4 1905.8 S 53.6 b-w BP 
23/26a-13 Calcite 4 1905.8 S 64.6 b-w BP 
23/26a-13 Calcite 4 1905.8 S 90.4 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 91.2 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 91.6 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 91.8 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 91.8 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 93.1 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 94 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 95.1 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 95.6 g-y-w BP 
23/26a-13 Calcite 4 1905.8 S 96 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 46.5 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 48.8 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 51.2 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 60.9 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 61.8 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 63.1 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 68 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 68.9 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 69.2 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 70.8 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 79.8 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 84.1 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 84.7 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 85.1 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 86 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 87.7 g-y-w BP 
23/26a-13 Calcite 4 1933.9 s 88.7 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 88.7 g-y-w BP 
23/26a-13 Calcite 4 1933.9 S 89 g-y-w BP 
23/26a-j.3 Calcite 4 1933.9 S 94.4 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 58.6 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 80.3 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 82.2 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 82.4 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 84.9 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 89.9 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 93.2 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 94.4 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 94.7 g-y-w BP 
23/26a-13 Calcite 4 1951.8 5 95 g-y-w BP 
23/26a-13 Calcite 4 1951.8 5 95.6 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 95.8 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 95.8 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 97.5 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 100.9 g-y-w BP 
23/26a-13 Calcite 4 1951.8 S 101.1 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 75 g-y-w BP 
23/26a-13 Calcite 4 1951.9 p/PS 75.3 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 79.1 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 82.4 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 83.4 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 85 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 85.9 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 87 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P/PS 87.9 g-y-w BP 
23/26a-13 Calcite 4 1951.9 P 90.3 blue BP 
23/26a-13 Calcite 4 1960.8 S 73.2 blue BP 
23/26a-13 Calcite 4 1979.9 p 65.3 H.Doran 
23/26a-13 Calcite 4 1979.9 p 68.8 H.Doran 
23/26a-13 Calcite 4 1979.9 p 68.9 H.Doran 
23/26a-13 Calcite 4 1979.9 p 69.9 H.Doran 
23/26a-13 Calcite 4 1979.9 p 74.1 H.Doran 
23/26a-13 Calcite 4 1979.9 p 75.2 H.Dorari 
23/26a-13 Calcite 4 1979.9 p 78.5 H.Doran 
23/26a-13 Calcite 4 1979.9 p 79.5 H.Doran 
23/26a-13 Calcite 4 1979.9 p 81.2 l-1.Doran 
23/26a-13 Calcite 4 1979.9 p 82.3 H.Doran 
23/26a-13 Calcite 4 1979.9 p 82.9 H.Dorari 
23/26a-13 Calcite 4 1979.9 p 85.6 H.Doran 
23/26a-13 Calcite 4 1979.9 p 86.4 H.Doran 
23/26a-13 Calcite 4 1979.9 p 86.5 H.Doran 
23/26a-13 Calcite 4 1979.9 p 86.5 H.Doran 
23/26a-13 Calcite 4 1979.9 p 88.8 H.Doran 
23/26a-13 Calcite 4 1979.9 p 96.5 H.Doran 
23/26a-13 Calcite 4 1979.9 p 101.2 H.Doran 
23/26a-13 Calcite 4 1979.9 p 102.5 H.Doran 
23/26a-13 Calcite 4 1979.9 p 110.3 H.Doran 
23/26a-13 Calcite 4 1979.9 p H.Doran 
23/26a-13 Calcite 4 2048.8 S 61 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 61.1 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 61.1 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 61.2 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 70.4 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 81.5 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 94.3 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 98.3 g-y-w BP 
23/26a-13 Calcite 4 2048.8 5 98.4 g-y-w BP 
23/26a-13 Calcite 4 2048.8 S 108 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 69.1 g-y-w BP 
23/26a-13 Celestite 2046.6 P/PS 75.8 g-y-w BP 
23/26a-13 Celestite 2046.6 P/PS 78 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 79.3 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 79.4 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 80.1 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 81.7 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/s 81.9 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 82.7 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 82.9 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 84.8 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 85 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 86 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 86.9 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 90.8 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 91.2 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 91.8 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 92.2 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 92.4 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 92.4 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 94 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 94 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 96.9 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 98 g-y-w BP 
23/26a-13 Celestite 2046.6 PS/S 99.9 g-y-w BP 
23/26a-10Z Celestite CR 1954.4 P 86.3 g-b BP 
23/26a-10Z Celestite CR 1954.4 P 94.9 g-b BP 
23/26a-10Z Celestite CR 1954.4 P 95.8 g-b BP 
23/26a-10Z Celestite CR 1954.4 P 96.5 g-b BP 
23/26a-10Z Celestite CR 1954.4 P 97.6 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 97.8 g-b BP 
23/26a-10Z Celestite CR 1954.4 P 98.2 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 98.4 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 99.8 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 102.3 g-b BP 
23/26a-10Z Celestite CR 1954.4 P 102.5 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 102.5 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 104.6 g-b BP 
23/26a-10Z Celestite CR 1954.4 PS 106.1 g-b BP 
23/26a-10Z Calcite CR 1954.4 P 92.4 g-b BP 
23/26a-10Z Calcite CR 1954.4 P 84.5 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 103.7 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 104 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 73.6 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 96.7 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 95.6 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 96.3 g-b BP 
23/26a-1OZ Calcite CR 1954.4 P 78 p-b BP 
23/26a-10Z Calcite CR 1954.4 P 59.8 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 59.2 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 59 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 55.3 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 58.5 g-b BP 
23/26a-10Z Calcite CR 1954.4 P5 58.8 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 62.5 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 61.2 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 97.6 g-b BP 
23/26a-10Z Calcite CR 1954.4 PS 100.8 g-b BP 
23/26a-10Z Calcite CR 1954.4 P 101.8 g-b BP 
23/26a-10Z Calcite CR 1954.4 P 103.9 g-b BP 
23/26a-10 Anhydrite CR 1782 P 81.7 g-w BP 
23/26a-10 AnhydriteCR 1782 P 81.9 y-g BP 
23/26a-10 Anhydrite CR 1782 P 80.7 y-g BP 
23/26a-10 Anhydrite CR 1782 P 85.7 b-g BP 
23/26a-10 Anhydrite CR 1782 P 87.1 b-g BP 
23/26a-10 Anhydrite CR 1782 S 77.4 b-g BP 
23/26a-10 Anhydrite CR 1782 S 77.9 b-g BP 
23/26a-10 Anhydrite CR 1782 S 80.9 b-g BP 
23/26a-10 Anhydrite CR 1782 S 83.3 b-g BP 
23/26a-10 Anhydrite CR 1782 P 76.9 b-g BP 
23/26a-10 Anhydrite CR 1782 P 84.1 b-g BP 
23/26a-10 Anhydrite CR 1782 P 79.4 b-g BP 
23/26a-10 Anhydrite CR 1782 P 81.1 b-g BP 
23/26a-10 Anhydrite CR 1782 P 75.8 b-g BP 
23/26a-10 Anhydrite CR 1782 P 76 b-g BP 
23/26a-10 Anhydrite CR 1782 P 79.5 b-g BP 
23/26a-10 Anhydrite CR 1782 P 77.1 b-g BP 
23/26a-10 Anhydrite CR 1782 P 88 b-g BP 
23/26a-10 Anhydrite CR 1782 P 77.1 b-g BP 
23/26a-10 Anhydrite CR 1782 P 80.7 b-g BP 
23/26a-10 Anhydrite CR 1782 P 80.1 g-w BP 
23/26a-10 Anhydrite CR 1844 S 97.3 blue BP 
23/26a-10 Anhydrite CR 1844 S 88.5 blue BP 
23/26a-10 Anhydrite CR 1844 P 88.1 blue BP 
23/26a-10 Anhydrite CR 1844 S 80.4 blue BP 
23/26a-10 Anhydrite CR 1844 S 80.1 blue BP 
23/26a-10 Anhydrite CR 1844 P 86.3 blue BP 
23/26a-10 AnhydriteCR 1844 P 81.1 blue BP 
Appendix Table 	3b: Petroleum Fluid Inclusion Data 
